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EDITORIAL 


Wurden im ,,Editorial’”’ zum ersten Heft Ziele und Méglichkeiten dieser Zeitschrift 
umrissen, so soll jetzt untersucht werden wie die Beitrage untereinander zusammen- 
hangen. Es erscheint dann zweckmassig zwei Arbeitsgebiete zu unterscheiden, das 
des eigentlichen Verschleisses und das der Reibungsprobleme. 


Verschleissforschung 


Die ausfiihrliche Ubersicht von BURWELL Jr. (Seite 119g) ist eine Einfiihrung in 
die Problematik der Verschleisskunde, zugleich zeigt sie den Weg der zu quantitativen 
Ausdriicken fiihren soll. BURWELL erwartet als Endresultat ,,Konstanten’’, die die 
Verschleissfestigkeit von Materialien beschreiben, Kennzahlen also fiir den Kon- 
strukteur. In der kurzen Zeit, die seit der Niederschrift dieser Abhandlung von 
BURWELL verstrichen ist wurde eine physikalisch-chemisch begriindete Theorie des 
Fressens und der Reiboxydation méglich. Untersuchungen aus dem Laboratorium 
der Associated Electrical Industries (England) zeigen (siehe Seite 162), dass Verschleiss 
bei trockener Reibung zwischen Metallpaaren sich in zwei Phasen abspielt. Erst entsteht 
eine Deckschicht des weicheren Metalls auf dem harteren, dann tritt zwischen den 
nunmehr gleichartigen Oberflachen Verschweissung ein und schliesslich findet aus- 
reissen von Teilchen statt. Analoge Uberlegungen gelten fiir den Mechanismus der 
Reiboxydation. An der Peripherie des Verschleissproblems steht also die Frage der 
Bruchfestigkeit im kleinsten Bereich (siehe Seite 162). 

Es ware wesentlich zu wissen wie der Primarprozess beim Fressen, die Verschweis- 
sung, von physikalischen Eigenschaften der Festkérper abhangt. Fortbauend auf 
Uberlegungen von Brox finden SAIBEL UND LING einen Zusammenhang mit Warme- 
leitfahigkeit und Schmelzpunkt. Prozesse, die sich in der Oberflache abspielen, werden 
hier also aus den Volumeneigenschaften der Metalle vorausgesagt. SAIBEL UND LING 
illustrieren dies an dem aktuellen Beispiel der Titanverschweissung, ein Thema auf 
das wir im Zusammenhang mit den Schmierungseigenschaften von Titan bald zuriick- 
kommen werden. 

Den Praktiker interessiert hauptsichlich wie er diese Verschweissung verhindern 
kann. Molybdansulphid bietet hier neue Moglichkeiten. MILNE (Seite 92) bestimmt 
nicht nur Kennzahlen fiir Reibung und Lebensdauer solcher Grenzschmierungen, 
er zeigt auch den Zusammenhang mit dem Bindemittel und der Vorgeschichte des 
Metalls. Die Erfahrungen der M.E.R.L. Gruppe wurden durch eine demniachst 
erscheinende Untersuchung von Crump aus Californien bestatigt und erganzt. 

Auch Fursunp behandelt inseiner metallographischen Studie des Zylinderverschleis- 
ses, die Erscheinungen des Fressens und der mechanischen Beschadigung, Uber- 
raschend ist seine Hypothese tiber die Bildung konzentrierter Schwefelsdure in den 
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Verbrennungsgasen des Dieselmotors: Das frische Korrosionsbild ist meistens schwierig 
zu finden, weil es durch mechanischen Verschleiss hinterher verandert wird. Ein 
gliicklicher Zufall brachte Fursunp in den Besitz korrodierter Zylinderwande; es 
zeigte sich, dass dieses Bild nur mit konzentrierter Schwefelsaure im Laboratorium zu 
reproduzieren ist. 

FurRsuND nimmt nun an, dass das urspriinglich gebildete SO, durch immer gegen- 
wartige Spuren Vanadiumoxyd zu SO, oxydiert wird. Mit der Hypothese einer kataly- 
tischen Wirkung der Zylinderoberflache wird der Blick des Betriebsmannes nochmals 
auf den Schwefelgehalt der Treibstoffe gerichtet, der bei Dieselélen wesentlich grésser 
sein kann als bei Benzin. 


Reibungsforschung 


Immer war sich der Mensch bewusst von der Reibung zwischen Materie. Sogar 
die Reibung und der ,,Wettgesang”’ der himmlischen Sphiaren lebte in der Metaphysik 
vor NewTon. Der Techniker der Friithzeit lenkte jedoch seine Phantasie in die niich- 
ternen Bahnen des Méglichen. Dr. DAVISON zeigt uns in seiner historische Studie, dass 
nicht nur ,,verschleissfeste’’ Rolllager sondern auch geschmierte Schlittenbahnen 
durch alt-agyptische Bauunternehmer gebraucht wurden. BOWDEN und Tapor haben 
daraufhin gewiesen, dass die empirischen Gesetze der Reibung schon von LEONARDO 
DA VINCI erkannt wurden. Heute stehen wir vor der Aufgabe die ,, Reibungskoeffizien- 
ten” der Technik zu den physikalisch-chemischen Eigenschaften der Materie in Be- 
ziehung zu setzen. 

Die kurze Ubersicht in der Methuen Serie von BowDEN und TaBor (siehe Seite 160), 
zeigt was qualitativ bekannt ist. Entwicklung eines mehr quantitativen Bildes 
stésst auf zweierlei Schwierigkeiten: Die Grenzschicht verhalt sich bei trockener 
Reibung weder wie eine Newton’sche Fliissigkeit noch wie ein idealer Festkérper. 
Sie ist am meisten verwandt an einen ,,weichen Festkérper’’ (siehe LUNN, Seite 25) 
dessen Viskositat und Dampfung komplizierte Funktionen von Zeit, Temperatur und 
Druck sein k6nnen. Anderseits entspricht der Zustand in der Grenszchicht bei trockener 
Reibung haufig dem in einem erhitzten Hochdruckautoklaven. Es spielen sich fort- 
dauernd chemische Umsetzungen ab, an denen auch die Oberflache des Festkérpers 
teilnimmt. Welcher Art diese chemischen Primiarprozesse sein kénnen ergibt sich 
aus dem folgenden. 

Zurzeit der Entdeckung des Becquereleffektes wurde durch Russet die merk- 
wiirdige ,,Fernwirkung” von frisch beschadigten Metalloberflachen auf die photo- 
graphische Platte gefunden. Dieser ,,Russeleffekt” ist keineswegs auf Metalle be- 
schrankt, er ist auch an beschaédigten Kautschukoberflichen festzustellen. Als nun 
vor einigen Jahren KRAMERs mit modernen Messtechniken ,, Exoelektronen’’ nachwies, 
schien es sich um eine andere, noch unbekannte Eigenschaft von Metallen zu handeln. 
Aus der kritischen Ubersicht von GRUNBERG (siehe Seite 142) folgt jedoch, dass die 
Metalloxyde fiir Elektronenemission sorgen. Damit lassen sich die Exoelektronen und 
der ,,Russeleffekt” in das heutige Bild der Festkérper mit gestérter Gitterstruktur 
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einordnen. Der Praktiker, der mit viel gréberen Prozessen zu machen hat, wird von 
solchen Entwicklungen vielleicht nicht direkt bertihrt, dagegen ist dieser Forschritt 
wesentlich fiir die systematische Entwicklung neuer, besser an die Bediirfnisse der 
Praxis angepasster Grenzschichten. 


G. SALOMON 
Delft, September 1957 


Centraal Laboratorium T.N.O. 
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(Rensselaer Polytechnic Institute, Troy, N. Y.) 
and 
EDWARD SAIBEL* 


(Carnegie Institute of Technology, Pittsburgh, Pa.) 


SUMMARY 


The phenomenon of galling or seizing of metals is believed to be, in general, a function of the 
thermal and mechanical conditions under which the metallic surfaces are rubbed together. For 
polished surfaces, under ideal dynamic conditions, i.e., conditions where the surfaces are devoid of 
appreciable oscillations in the direction normal to the surfaces, thermal aspects of galling predo- 
minate. Galling due to thermal conditions is viewed as that condition where the tips of surface 
asperities weld together and are then sheared apart according to the weld-junction or adhesion 
theories. Welding may be achieved when the melting temperature is reached; also when surface 
asperities, which are under a high degree of strain, are in sliding contact. Welding may be achieved 
by recrystallization recovery. The latter process is taken as the governing condition for thermal 
galling since the recrystallization temperature is only a fraction of the melting temperature. The 
galling criterion, relating normal load, velocity, and time of rubbing, is established theoretically. 
The result compares favorably with experience. 


ZUSAMMENFASSUNG 


Es wird angenommen, dass die Erscheinung des Fressens von Metallen im allgemeinen von den 
thermischen und mechanischen Bedingungen der Reibung abhangen. Bei polierten Oberflachen 
tiberherrschen die thermischen Faktoren wenn ideale dynamische Versuchsbedingungen vorliegen. 
Dies ist der Fall wenn keine wesentliche Schurrgangen in der Richtung normal zu den Kontakt- 
flachen auftreten. Fressen als Folge thermischer Bedingungen wird aufgefasst als eine Rekristallisa- 
tionsverschweissung der Oberflachenrauheiten, die dann wieder durch Schubspannungen getrennt 
werden. Das Kriterium des Fressens als Funktion der Normallast, Bewegungsgeschwindigkeit und 
der Reibungszeit wird theoretisch abgeleitet. Das Resultat stimmt gut mit der Erfahrungen iiberein. 


INTRODUCTION 


The phenomenon of galling or seizing is a complex one. In general it is believed to 
be due to the thermal as well as mechanical conditions under which the surfaces are 
rubbed together. 

This paper presents a theoretical analysis of the thermal aspects of galling. The 
mechanical aspect is seen to be complicated in that it is dependent on the dynamic 
conditions of the individual machines on which the tests are made. However, under 
ideal dynamic conditions, 7.e., conditions where the bodies do not oscillate appreciably 
in the direction normal to the surfaces, thermal aspects predominate. 


* Present address: Rensselaer Polytechnic Institute, Troy, N.Y. 
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NOMENCLATURE 
The following nomenclature is used in the paper: 
a = radius of circular area of contact 


c = specific heat 
= thermal conductivity 


Pm = yield pressure 

g = heat flux generated by friction at the interface = ppmV 

R = dimensionless parameter = Va/4 a, 

t = time 

V = sliding velocity 

WW = normal load 

a = thermal diffusivity 

o = fraction of g going into the stationary body 1 

O = temperature above ambient 

0, = temperature at center of circular area above ambient 

0, = recrystallization temperature above ambient 

be = coefficient of sliding friction 

x,y,z = Eulerian co-ordinates with respect to center of area of contact on stationary 
body 

€,7,¢ = Lagrangian co-ordinates with respect to moving body 


Subscripts 1 and 2 refer to bodies 1 and 2, respectively. 


THE ROLE OF RECRYSTALLIZATION WELDING IN GALLING 


The weld-junction or adhesion theories’ of sliding friction state that surface asperities 
of metals in sliding contact form welds which are in turn fractured. The authors 
believe that welding may commence before the melting temperature is reached*. 
With the asperities under a high degree of strain, welding commences as soon as the 
recrystallization temperature is reached*. Furthermore, between the recrystallization 
and melting temperature the metallic bodies constituting the asperities may undergo 
a phase transformation, in which case the asperities may simply be sheared off and 
not adhere to one of the surfaces. The phenomenon which is observed when galling 
or seizing takes place is that there is adherence of materials to the surfaces. 

The authors propose that galling commences when the surface temperature of the 
contact area reaches the recrystallization temperature. That is, at this temperature, 
recrystallization welding commences, and as these temporary junctions are sheared 


* Since the original date of this writing, 1954, BoWDEN AND RoweE® and BOWDEN? have dis- 
cussed cold welding in detail with reference to the temperature for the onset of adhesion and of 
sintering, which is closely related to recrystallization recovery. 
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apart, small welded spots on either of the surfaces may be observed. Recrystallization 
temperature is dependent among other factors on purity of metal, degree of strain and 
time. In this paper one typical value of recrystallization temperature @, will be selected 
for illustration.* Furthermore, this value will be that for a high degree of strain inas- 
much as the asperities have undergone a high degree of strain in the sliding process. 
At a high degree of strain, @, becomes less and less dependent on the degree of strain 
In this case the time variable also becomes less important. 


SURFACE TEMPERATURE OF CONTACT AREA 


Fig. 1 shows a model of a stationary body 1 in the form of a rod in sliding contact 
with a plate type of moving body 2. The stationary body has a slightly conical tip such 
that when a normal load W is applied an area of contact is formed. The area za?, if 
assumed to be circular, may be related to the load W in a simple manner according to 
BOWDEN AND TABor®, 

na? = W/pm (r) 


where py is the so-called yield pressure. The assumption that the area of contact is 
constant may not be too erroneous, since the ensuing analysis will be applied only for 
the ungalled condition. After galling commences, the area of contact may become 
larger and irregular. 


Area of contact 
“Body 1 (stationary) 


Body 2 (moving) 
invmens >. 


Fig. 1. Model of two bodies in sliding contact. 


In this preliminary analysis the temperature at the center of the circular area of 
contact will be taken for simplicity to be that of the surface. If the plate is assumed to 


be smooth and the rod diameter large in comparison with the area of contact, BLoK’s 
solution® may be used 


* In the case where two dissimilar metals are in contact, there will be two recrystallization 
temperatures. The lower of these temperatures will be the determining temperature. 
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oga | 1—e-* 


0, = hy a/ a7 erfc / x (2) 


where o is the fraction of heat going into the stationary body 1, q is the heat flux due 
to friction upmV, erfc is 1 — error function, and aes a’|4 ot. 

The modified form of BLox’s o for steady-state conditions is given in Appendix I. 
It will be assumed to be equally applicable to transient conditions in this first approxi- 
mation. This is verified a posteriori from the fact that the steady-state condition is 
reached very quickly. 


I 
o= hy - Saal Sie LOMO hes 
k, [I + 0.414 (I—e—1!-38)]I(R) (3) 
i 
enna a for 35 
t+ =4/2R 
ky 
where e) eR? (2 + 1)R4 
=e j pe ‘ 2 -7)2 ce 
Tie : | — lea) yal eT dn | 2 
O —eRi é 
and € = al/4agt 


GALLING CRITERION BASED ON THERMAL CONSIDERATIONS ALONE 
Assuming that all the energy dissipated by friction goes into heating, the heat flux 
per unit time in eqn. (2) is g = “pmV. From eqn. (I) we find g = uwWV/xa*. Using 
eqns. (2) and (3), 9, can be calculated, provided all the physical constants are known. 


250 a 635 

200 508 

tbe oe es 
~%G 150 i = GS 
5 8 
~ ~ 
g 254 5 
> 100 “4 

127 

50 
ah 9 
O 107 107! 1 10 10 


t (sec) 
Fig. 2. Sliding velocity versus time for steel sliding on steel. Calculated data. 
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Fig. 3. Sliding velocity versus time for Ti 75A sliding on Ti 75A. Calculated data. 


Equating 9, and @,, the recrystallization temperature, one obtains a criterion for 
galling which may be expressed in the form 
HV, W, t) =o (4) 


Figs. 2 and 3 show plots of this function for two metals; namely, steel and titanium, 
respectively. It may be seen that the constancy of the V—t curve for a given W except 
for small values of ¢ indicates that the time taken to reach steady state is very small. 


v(cm/sec) 
fe) 127 254 


W (lb) 


re) (0) 


fe) ee) 100 15 
V(in./sec) 


Fig. 4. Galling limit curves. Calculated data. 


Fig. 4 shows the galling-limit curves for steel and titanium; 7.e., WW versus V curves, 
for two values of /, namely, a small value of ¢ and an infinite ¢. The latter corresponds 
to steady-state conditions. 

These two metals are selected for illustrative purposes because the former is a widely 
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used metal and the latter is one of the increasingly important metals that has the least 
resistance to wear. 
The physical properties used are given in Table I. 


TABLE I 


PHYSICAL PROPERTIES OF STEEL AND TITANIUM 


k a 13) ¥ 2) mn bw 


English units 


Steel 5.56 lb/°F-sec 0.0173 in.2/sec 640°F above 80°F = 2.7-10° p.s.i. 0.56 
ambient 
(80% deformation) 
Ti 75A 1.42 lb/°F-sec. 0.0071 in.2/sec 620°F above 80°F 3.21-105 p.s.i. 0.8 
ambient 


(80%, deformation) 


Metric units 


Steel 4.65 kg/°C-sec 0.112 cm2/sec 355°C above 26.7°C__1.9-1t0* kg/cm? 0.56 
ambient 
Ti 75A 1.16 kg/°C-sec 0.0459 cm?/sec 344°C above 26.7°C 2.26:104 kg/cm? 0.8 
ambient 
CONCLUSIONS 


A criterion for galling based on considerations of the thermal aspects of sliding is 
derived. When the surface temperature given by eqn. (2) in conjunction with eqns. (1), 
and (3) is equated to the recrystallization temperature, a relationship involving load, 
velocity and time results. This relationship expresses the criterion for galling. A close 
examination of eqns. (2), (I), and (3), shows that the physical properties contributing 
to easier galling are lower recrystallization temperature, larger coefficient of sliding 
friction, larger yield pressures, and smaller thermal conductivity. The method is also 
valid for predicting galling criteria for dissimilar metals in sliding contact, especially 
for a softer material sliding on a harder material, in which case a small ratio of Ro/ky 
will contribute to easier galling. In the case of a harder material sliding on a softer 
material, there is some question as to the validity of the assumption that the area of 
contact is constant even when no galling has taken place, because the harder material 
tends to dig into the softer material. 

In improving the wear properties of titanium, elements are added to make alloys 
which will increase the recrystallization temperature. This is in agreement with the 
present theory. Also, it may be noted from the numerical examples as shown in Fig. 4 
that for a given W, the ratio of V at which galling takes place is about 8 : 1 for steel 
over titanium, a figure which is in the correct order of magnitude*. 
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APPENDIX I 


Bok? has derived the following expressions for: 


3h 
ea ar for R = 0 (5) 
ky 
I 
C= — 
+2 VER for R> 5 (6) 
k, 2 


In the following, eqns. (5) and (6) will be derived and the latter modified. The same sort 
of arguments will be applied to find values foro < R < 5 which will span BLox’s 
equations. 

The derivation of eqn. (5) will be simple. When R = Va/4a, = 0, the sliding velocity 
is zero for all practical cases. The two bodies are stationary with respect to each other. 
The temperature at the center of body r on the surface, according to BLoK, is 


Ox¢ = ogalky (7) 


The remaining portion of heat (1 — a) g, must be dissipated through body 2. Similarly, 
the corresponding temperature is 


Ore = (1—0)galh, (8) 


Assuming that there is no temperature jump across the interface of the two surfaces, 
Oc, = Og. Equating eqns. (7) and (8) the only unknown may be found, thus 
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In deriving eqn. (6) BLox used a square source of area 4a*, Fig. 5, instead of a circular 
source, because of certain factors which made the square-source problem capable of 
yielding a simple and at the same time fairly accurate expression for og. The argument 
is that although the temperatures involved in the square source will be higher than 
those for the circular source, the distribution of g between the two bodies with either 
the square or the circular source may not be too much different. 


(1-0)q Heat 
units per unit 
area over the 
square 


(b) 


Fig. 5. Semi-infinite bodies with heat source in the form of a square. (a) Body 1; (b) body 2. 


In order to calculate o exactly, it is necessary to match the temperatures on both 
bodies at the interface. This presents difficulties. To simplify the opis BLOK 
assumed that o is independent of the position on the surface and that heat input is 
uniform over the area 4a”. For the stationary body, Fig. 5(a), the DOU Nk te 
profile along the center line of the heat source in the direction of V isO, (x, 0, c), Fig. 6. 
For the moving body, Fig. 5(b), the temperature profile in the Lagrenean sense 1s 
Q, (E, 0, 0), Fig. 6. (0;)max occurs at the center or (O,)max = O10 (Oo) max occurs 
toward the trailing edge of the center of the contact area, depending on the sliding 
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velocity. BLoxk reasoned that the actual interface temperature might be the one shown 
by the dotted curve in Fig. 6. Furthermore, the maximum in both temperature fields 
must be equal, or 


(9,)max = (03) max (9) 


ze>€ 


Ore = (O1)max. 


6, (x,0,0) (02) max 


Probable interface 
temperature 
profile 


x 


a a ¢ 
y=0 
Plane 
Direction of motion 
Fig. 6. Temperature profiles at the y = o plane Fig. 7. BLox’s J(R) function. 


over the contact area of bodies shown in Fig. 5. 


He further held that o could be determined by means of eqn. (9), provided that the 
ratio of the temperature at the center to the maximum temperature for the moving 
body could be evaluated for all velocities. For the problem shown in Fig. 5(a) 


(01) max = 91, = 2m t0qa/k, (10) 


and for the problem shown in Fig. 5(b) 


Ove = x" (Io) qal(R)/k, (r1) 
where 
wo, ert (eta) RE 
na de 
I(R) — R23 y | ms, | oe 
) A e / dy (21) R} e ! dy 2 
o '—eRt ety his 


€ = al\/4agt and R = Va/4a, 
I(t) is plotted in Fig. 7. 


I(R) = 2R+ for R*<1 or R>1 (12) 
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In other words, from eqns. (11) and (12) 
Oy, = 7 7(1—R)gaR4/k, for R>1 (x3) 
Brox” found that 


(@2)max = 1/202, for R> 5 (14) 


Combining eqns. (9), (ro), (3) and (14), and solving for 


a 


2 —for R> 5 


aaa evar 


which is the second of eqns. (3). Note BLox’s original eqn. (6) was derived using 
eqn. (7) instead of eqn. (10) in the foregoing analysis. 

The gap left by BLok, 7.e., o foro < R < 5 may be filled as follows: First the relation 
of (O2) max and @2, must be found. In the following an empirical relation is arrived at 
based on numerical study of the ratio of (9) may and @,, for the case where the moving 
heat source is in the form of an infinitely wide band with length 2a in the direction of 
motion. 

The temperature, on the surface of the body, with a moving heat source of Q heat 
units per unit area on the surface of length 2a, along the direction of motion and 
infinitely wide, is given by CARSLAW AND JAEGER". 


a 


2) -< i Vie *) /2agko[ | V(x—x" ) [2ut9| |x’ 


imme (3 


Brox” has shown that this may be integrated explicitly, see APPENDIX II below. 
The equation can also be evaluated numerically. Fig. 8 shows the ratio (02) max to gc 
versus 2. To fit the curve empirically the following equation is used: 


(O2)max = O2(1-+0.414(t—e1-3%)] (15) 


The two adjustable constants are arrived at on the basis that the empirical equation 
matches BLox’s condition (5) may = Qc at R = 0 and (Q3)max = 1/2 Qoc at R = 5, 
and that it fits the theoretical value at R = 0.5 arbitrarily. Equation (15) is also 
plotted in Fig. 8. Combining eqns. (9), (to), (13), and (15), and solving for the only 
unknown o, which is the first of eqns. (3) 


ae 2a + (16) 
—, % eb oata ee 38) 1(R) 


foro < KR <5 
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APPENDIX II 


The equation 
a 


Q V (w—x’ , , 
C= ae ee Neay hol | V (x—x ) [2a |dx 
—a 


can be written as follows: 


Let 
Vz 
U = V(x—x")/ea, and X =—~ 
2A 
then 
earns Pe 
2 Qo 
Therefore X+2R 
eens | eVko|U|AU 
2mk,R 
X—2R 


Brox” has shown that eqn. (17) can be integrated to 


Qa X+2R 


3 2mk,R 


U 
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Fig. 8, which shows the ratio of (O2) max to 2, versus R can also be plotted by using 
eqn. (18). For the present purpose, however, the use of eqn. (18) for this calculation 
proved to be more cumbersome than the approximate method used. 
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EXPERIMENTS ON THE FRICTION AND ENDURANCE OF VARIOUS 
SURFACE TREATMENTS LUBRICATED WITH MOLYBDENUM DISULPHIDE 


by 
A. A. MILNE 


Lubrication and Wear Division, Mechanical Engineering Research Laboratory, D.S.I.R., Thorntonhall 
Glasgow, (Scotland) 


SUMMARY 


Annular rings of mild steel were rotated in contact until seizure occurred. Untreated, phosphated 
and sulphided surfaces in association with four different molybdenum disulphide formulations were 
tested and the results presented in the form of comparative data on the friction and endurance. The 
results illustrate the variation of friction and endurance with the magnitude of the applied load 
and demonstrate the beneficial action of both the phosphate and sulphide pre-treatments. 


ZUSAMMENFASSUNG 


Versuche iiber die Reibung und Nutzdauer von verschiedenen Oberflachenbehandlungen bei 
Schmierung mit Molybdansulfid wurden mit ringformige Weichstahlproben ausgefiihrt, wobei 
unter Trockenreibung bis zur Verschweissung gedreht wurde. Unbehandelte, phosphatierte und 
schwefelhaltige Oberflachen wurden mit vier verschiedenen Molybdansulfidpraparaten untersucht 
und iiber die Ergebnisse wird vergleichsmassig in Bezug auf Reibung und Nutzdauer berichtet. 
Die Ergebnisse machen die Abhangigkeit der Reibung und Nutzdauer von der Grosse der angelegten 
Belastung klar und zeigen die vorteilhafte Wirkung von Phosphat- und Schwefel-Vorbehandlung. 


INTRODUCTION 


The value of molybdenum disulphide in certain lubrication problems is now well 
established. There is general agreement that its lubricating properties are due prima- 
rily to its laminar molecular structure, each lamina being composed of a layer of 
molybdenum atoms interposed between layers of sulphur atoms. The relative weakness 
of the bonds between adjacent layers of sulphur atoms allows easy slipping between 
the laminae, while the affinity of the sulphur atoms for metals is said to assist in the 
formation and retention of a lubricant film between rubbing surfaces ; the fundamentals 
involved have been discussed by several investigators!-%, 

In practical lubrication problems, molybdenum disulphide has been found to be 
of value both to supplement the action of conventional lubricants and in cases where, 
owing to the severity of the operating conditions, conventional lubricants are either 
ineffective or inapplicable. A variety of molybdenum disulphide formulations are 
now available commercially, each preparation having its own particular merits for 
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specific applications. Selection of suitable fields for application and treatment of 
components is largely a matter of experience, though some of the factors involved have 
been discussed in the technical literature!-8, 

It is well known that the phosphating of ferrous materials can enhance the resistance 
of bearing surfaces to scuffing and seizure. In a previous paper® it was shown that the 
phosphating of steel surfaces prior to the application of molybdenum disulphide in- 
creased both the maximum load that could be carried and the endurance of the coating ; 
this combination of treatments is now commonly employed’. More recently, a sulphide 
treatment has been developed commercially that also gives considerable protection to 
ferrous materials when lubricated with conventional lubricants. It was the purpose of 
the work described in the present paper to determine whether the known beneficial 
effects of the combined phosphating/molybdenum disulphide treatment would also 
be given by a combined sulphide/molybdenum disulphide treatment; the results are 
presented in the form of comparative data on the friction and endurance of selected 
combinations of surface treatment and applied lubricant. The results are also of 
interest in illustrating the variation in friction and endurance with changes in the 
magnitude of the load applied to the rubbing surfaces, and the differences that may be 
shown by various methods of applying molybdenum disulphide. 


EXPERIMENTAL 


The experiments were carried out on the M.E.R.L. six-spindle wear machine (Fig. 1). 
In this machine, specimen holders on each spindle carry annular rings 34 in. o.d. x 
3in.i.d. x fin. thick, which are rotated at 60 rev/min, giving a mean rubbing velocity 
of 57 ft/min (15.5 m/min). Against these are pressed similar rings, loaded by independ- 
ent lever systems through ball thrust races. The nominal area of contact is 2.55 in? 
and the range of loads available is from 33-1600 lb (15-725 kg), giving nominal mean 
pressures from 13-625 Ib/in? (0.9-44 kg/cm?). The upper specimens are restrained 
torsionally by arms that engage either with stops or with two rods that pass along 
each side of the machine. The rods transmit the torque from selected rings to a single 
torque tube at one end of the machine, the angular deflection of which is measured 
and recorded by a capacitance method. 

In the experiments described all the rings were of mild steel. These were run either 

(a) plain, 

(b) after having been subjected to a commercial phosphate treatment, 

(c) after having been subjected to a commercial sulphide treatment. 

The plain mild steel rings were carefully cleaned and degreased before application 
of the lubricant. The treated rings were rubbed with a soft cloth to remove the loose 
outer layers of the coating. The specimens were lubricated by one of the four following 
methods: 

(a) a commercial dispersion of molybdenum disulphide in water, a small quantity 
being spread on the lower ring, im situ, and allowed to dry. 
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Fig. 1a. The M.E.R.L. six-spindle wear machine. 


(b) a commercial dispersion of molybdenum disulphide in toluene, a small quantity 
being spread over the lower ring, 7m situ, and allowed to dry. 

(c) a commercial molybdenum disulphide paste, spread in excess over the lower 
ring. This was described by the manufacturers as ‘‘a proprietary high-concentrate 
molybdenum disulphide base manufactured of approximately 68-70% highly purified 
molybdenum disulphide, 26-28%, of light mineral oil, and 4% of a stabiliser manu- 
factured by special processes’’. 

(d) molybdenum disulphide, bonded with corn syrup. Both specimens were heated 
to about 350°C and a mixture of a commercial molybdenum disulphide powder and 
corn syrup, in equal parts by weight, was rubbed onto the surface; the rings were 
allowed to cool to room temperature and the loose excess material was brushed off. 

Two methods of test were employed, one to study the variation of friction with 
increasing load and the other to assess the endurance of the surface treatment while 


running at constant load. The surfaces were considered to have failed when tearing, 
accompanied by erratic friction, occurred. 
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Upper ring 


Torque transmission rod 


Lower ring 


Driving spindle 


Torque transmission rods 


Fig tb. Diagrammatic representation of the M.E.R.L. 
six-spindle wear machine. 


RESULTS 
Loading tests 


It was noted that in most of these tests there was an initially high friction, followed 
during the first few minutes running by a drop to an approximately steady value. At 
the lower loads the drop in friction appeared to be due largely to the removal of excess 
material from between the surfaces with the formation of an effective lubricant film, 
perhaps through the orientation of molybdenum disulphide particles as suggested by 
other workers. If the load was increased before the initial fall was complete there was 
a further sharp rise in friction leading in some cases to premature failure. At the higher 
loads there was also an initial fall in friction with running time but this appeared to 
be due primarily to the heating (and perhaps drying) of the surfaces by the frictional 
energy dissipated; if the load was relieved and the surfaces allowed to cool the initial 
high value of friction was again obtained on restarting, falling once more as the 
specimens warmed up. 
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The approximately steady values obtained in loading tests on single pairs of speci- 
mens are shown in Figs. 2-5, load increments being added as soon as steady conditions 
had been reached. The bulk specimen temperatures reached ranged from 20°C to 
200°C, and owing to the combined running-in and heating effects the initial friction 
at each increment could be as much as 50% higher than the final values shown. In two 
cases the plain mild steel surfaces failed before the maximum load could be applied. 
There did not appear to be any consistent trend for any of the surface treatments or 
lubricants to give higher or lower values of friction than the others, although the rela- 
tively low friction of the aqueous dispersion with the plain and sulphided surfaces and 
the relatively high friction of the sulphided surfaces with the oil dispersion and bonded 
coating may be noted; the most uniform results were obtained from the phosphated 
surfaces. The most striking feature of the results, however, is the very marked fall in 
the coefficient of friction with increasing load. The range of values from 0.3 down to 
0.02 is in substantial agreement with those reported by other workers and is attribut- 
able both to the relatively small increase in area of real contact with increasing load 
and to the reduction in shear strength of the lubricant film with increasing tempera- 
ture?’3, 


Endurance tests 


In these tests loads up to 115 kg were applied just prior to starting and the surfaces 
were allowed to run to failure under constant load. For loads higher than r15 kg it was 
found that immediate failure occurred if the full load was applied at the start; the 
required additional load was therefore added gradually during the first two or three 
minutes of the test. As in the loading tests the friction was again found to be initially 
high, falling to between about 4 and $ of the initial value during the first few minutes 
as running-in and warming of the specimens proceeded. The friction then remained 
nearly steady throughout the rest of the endurance run until failure, which was accom- 
panied by high and erratic friction ; the magnitude of the steady friction was substan- 
tially similar to that in the loading tests. 


The results from a series of tests at different loads are given in Figs. 6-9, a fresh pair 
of specimens being used for each determination. The intercepts on the load axis indicate 
that at the next highest load failure occurred almost immediately (< 0.1 km); these 
seizure loads in many instances were below the maximum loads that could be reached 
in the loading tests, illustrating the beneficial effects of a gradual application of load. 
Incontrast also to the loading tests there were marked differences between the endurance 
of the various treatments and lubricants. In most cases, pre-treatment of the surfaces 
gave a substantial increase in the life, the sulphided surfaces being superior in general 
to the phosphated surfaces, except with the toluene dispersion. Differences between 
the pre-treatments, however, were considerably less than between the various molyb- 
denum disulphide lubricants, and exceptionally long lives were obtained with the 
surfaces lubricated with the paste. 
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Fig. 4. Variation of friction 

with load for surfaces lubri- 
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Fig. 5. Variation of friction 
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cated with molybdenum 
disulphide bonded with corn 
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Fig. 6. Variation of endurance with load for surfaces lubricated with molybdenum disulphide 
dispersed in water. (Rubbing speed, 15.5 m/min). 
x Plain mild steel 
+ Phosphated mild steel 
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Molybdenum disulphide dispersed in water 


The friction with both the plain mild steel and sulphided surfaces was fairly steady 
throughout the tests, equilibrium conditions being reached within 5 minutes of appli- 
cation of the load; on the phosphated surfaces, however, the friction showed large 
cyclic fluctuations over periods of about two minutes and the values shown in Fig. 2 
are the mean values obtained. With the plain mild steel surfaces seizure in the endur- 
ance tests was sudden, being accompanied by high and erratic friction ; the sulphided 
surfaces showed a moderate increase in friction while the onset of failure with the 
phosphated surfaces was preceded by a recurrence of the cyclic fluctuation of friction, 
which increased in amplitude until seizure occurred. 


Molybdenum disulphide dispersed in toluene 


On application of this dispersion the toluene rapidly evaporated leaving a nearly 
dry smooth film of molybdenum disulphide. The running-in time required was about 
5 minutes before steady friction conditions were attained. 
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Fig. 8. Variation of endurance with load for surfaces lubricated with molybdenum disulphide paste. 
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Molybdenum disulphide paste 


With this dispersion preliminary experiments showed that the load capacity and 
endurance were to some extent dependent upon the amount of lubricant supplied; 
thick films were therefore applied in excess. With the plain mild steel and phosphated 
surfaces, steady friction was attained after a running-in time of only r-2 minutes and 
it was found that high loads could be applied more quickly than with other surfaces 
without premature failure. With the sulphided surfaces, however, the initial friction 
was much higher than with the other surfaces and a running-in time of 10-15 minutes 
was required; high loads had to be applied slowly to avoid premature failure. 


Molybdenum disulphide bonded with corn syrup 


A running-in period of about 15 minutes was required before steady conditions were 
reached; during this period a small rise in friction preceded the subsequent fall to the 
final value. Before the surfaces seized there was also noted a sudden drop in friction, 
of about 25% in magnitude, that was maintained for about 1-3 minutes before high 
erratic friction indicated failure. With no prior surface treatment the bonded film 
was then completely destroyed; with the surfaces phosphated or sulphided, breakdown 
of the lubricant film was at first confined to small patches that grew progressively if 
further running was attempted. 
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Fig. 9. Variation of endurance with load for surfaces lubricated with molybdenum disulphide bonded 
with corn syrup. (Rubbing speed 15.5 m/min). 
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It was noted that if the surfaces were allowed to cool at rest after a run at high load 
there was a tendency for the specimens to bind together strongly, causing difficulty in 
starting. The bonded films were also observed to be hygroscopic and there was some 
evidence that high environmental humidity was deleterious to the adhesion of the 
film: this effect was not studied in detail, but is consistent with the observations 
reported by MIpDGLEy®. 


Phosphating and sulphiding 


Both these surface treatments increase the life of the specimens as compared with 
untreated surfaces, Figs. 6-9. It was observed, however, that there were certain differ- 
ences in the mode of failure. The phosphated surfaces failed by disruption of the coat- 
ing and seizing and tearing of the underlying steel, accompanied by high and erratic 
friction, the transition from satisfactory running to failure being rapid. Failure of the 
sulphided surfaces was also accompanied by a rise in friction, but this was less marked 
than with the phosphated surfaces, while the immediate damage to the surfaces was 
also relatively slight. 

The residual protection of the underlying sulphide layer was also shown by some 
auxiliary experiments in which unlubricated surfaces were run; whereas the plain and 
phosphated surfaces seized immediately even at the lightest load the sulphided sur- 
faces had the moderate life of 11.2 km at a load of 15 kg (wu ~ 0.1), seizure being imme- 
diate at higher loads. 


DISCUSSION 


The friction experiments show variations in the coefficient of friction with increasing 
load, temperature, and running-in, that are in general agreement with the range of 
values reported by other workers; it is clear that friction coefficients are very specific 
to the particular conditions of measurement. The surface endurance also is very 
markedly affected by the applied load, the dependence being approximately linear on 
a log (load) vs. log (life) basis, up to loads at which seizure occurred almost immediately. 
The reason for this relationship is not known and there is little relevant evidence in 
the literature, but it is interesting to note that a similar dependence has been reported 
by Crump’ for molybdenum disulphide films and that an essentially similar relation- 
ship has been reported for a quite different type of solid lubricant, 7.e. P.T.F.E.- 
impregnated bearings. 

The earlier work of BARWELL AND MILNE® showed the advantages of combining the 
application of molybdenum disulphide with a phosphate treatment and the present 
experiments show that a sulphide treatment is similarly beneficial in prolonging the 
surface endurance, with a variety of lubricant formulations; both these treatments 
would therefore seem to merit consideration in practical applications. The effectiveness 
of the combined treatment is difficult to reconcile with the conventional view that the 
affinity of the sulphur atoms of the molybdenum disulphide lattice for a metal surface 
plays a significant part in promoting a tenacious lubricant film. On the other hand, it 
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is well know that continued rubbing of a surface may cause an intermengling of the 
constituents in the surface layers’. It is possible, therefore, that the effectiveness of 
the phosphate and sulphide coatings is to assist in the incorporation of molybdenum 
disulphide particles within the surface layers in the preferred orientation. The enhanced 
performance obtained by running-in is consistent with this view. 
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WEAR IN CYLINDER LINERS* 
K. FURSUND 


A/S Burmeister & Wain, Copenhagen (Denmark) 


SUMMARY 


By microscopical examination of the wearing surfaces in cylinder liners from large diesel engines, 
it has been possible to form a picture of the removal of material. It is possible to distinguish clearly 
the wear caused by seizure, wear from contact between the wearing surfaces by means of loose 
particles, and wear from fixed, projecting structural elements in the wearing surfaces. A special 
corrosion phenomenon in the phosphide eutectic shows directly that highly concentrated sulphuric 
acid is condensed on the wearing surfaces during running of the engines. 


RESUME 


En examinant au microscope les surfaces d’usure des chemises de cylindres des gros moteurs 
diesel ila été possible de se faire une idée de ce quise passe, en ce qui concerne l’enlévement de métal. 

I] est possible de distinguer l’usure due au grippage, d’avec l’usure se produisant par le contact 
entre les particules détachées des surfaces d’usure et les éléments de structure émergeant des sur- 
faces d’usure. 

Un phénoméne de corrosion spécial se manifestant dans l’eutectique phosphoreux réléve immé- 
diatement que pendant la marche du moteur, de l’acide sulfurique trés concentré vient se condenser 
sur les surfaces d’usure. 


Introduction 


The wearing surfaces on rr replaced cast-iron cylinder liners from diesel engines 
with cylinder diameters of 500-750 mm, have been examined under the microscope. 
From the appearance of the surfaces and the structure of the surface material, it has 
been possible to visualize how the removal of material takes place. With the aid of a 
microscope, three forms of mechanical wear can be discerned: 

(1) Seizure. Small particles are torn off the wearing surfaces, these surfaces becoming 
greatly deformed. At the same time, hard and brittle areas are formed, which easily 
drop out of the wearing surfaces. 

(2) Small loose particles formed by seizure, or brought in as foreign matter, come be- 
tween the piston or piston rings and the liner, leaving visible marks and traces in 
the surface and frequently being pressed partly into the wearing surfaces. 

(3) Fixed particles or projecting structural elements cause microscopically fine 
scratches in the opposing surface. 

When seizure occurs and when small wear particles come between the piston and 


* This paper has also been published in the English edition of Ingenioren, I (1957) nr. 1, 13-21. 
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the liner, the rate of wear is greatly increased, and it is to be expected that these forms 
of wear appear during only a very small portion of the lifetime of a liner. The wear 
due to fixed particles is probably quite small and the appearance of the wearing sur- 
faces on the examined liners shows that this condition is the normal one. 

It is impossible to judge from the appearance of the wearing surfaces whether a liner 
has had a high or a low average rate of wear; it is to be expected that severe wear from 
seizure or loose particles occurs within limited periods, and the ratio of the length of 
time in which severe wear occurs to the length of time in which mild wear occurs, deter- 
mines the average value of the mechanical wear. 

A special corrosion phenomenon in the phosphide eutectic proves that highly con- 
centrated sulphuric acid is condensed on the wearing surfaces, even when diesel oil is 
used as fuel. It is assumed therefore that corrosion plays a considerable part in the 
total wear. The quantity of sulphuric acid that is condensed has a direct relation to 
the sulphur content of the fuel. 


The normal appearance of wearing surfaces 


The wearing surfaces of all the liners examined had a fine glaze, which, when seen 
under a microscope, proved to consist of more or less fine longitudinal scratches (see 
Fig. 1). When, in this report, terms such as “‘deep scratches’ and ‘‘marks”’ are used, these 
refer to microphenomena, and should not be confused with the marks which can occas- 
ionally be seen with the naked eye on wearing surfaces as a result of broken piston 
rings or of heavy seizures. 


Fig. 1. Normal wearing surface (x 130). In the vertical direction the cylinder face is covered by 
more or less fine scratches. Transverse to the scratches it is possible to discern the contour of 
graphite flakes. 
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Fig. 2. Taper section of normal wearing surface ( 1200) through fine scratches. The horizontal 
line above the wearing surface indicates the normal distance between two opposing wearing surfaces. 
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Fig. 4. Taper section of wearin 
angular titanium carbide particle in the centre of the picture has also been marked. 


g surface with heavy scratches and deep marks (x 1200). The rect- 
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In Fig. 1 can also be seen the graphite flakes, most of which lie flush with the surface. 
It is generally thought that the improving influence of graphite on the resistance to 
wear is due to the fact that the graphite falls out of the wearing surface and thus 
leaves space for lubricating oil reserves. According to the present investigation, this 
does not normally seem to be the case. 


Diagram 1. Sketch showing the principle in using taper sections. In this way the contour of the 
scratch is doubled in depth. 


Figs. 2,3 and 4 are photomicrographs of metallographic specimens from taper sections 
taken at an angle of 25 degrees to the axis of the liner (direction of scratches) in the 
position where the major axis of the elliptic section intersects the wearing surface, see 
sketch. The contour of the section is in this way reproduced twice as large in the direc- 
tion of the major axis as in that of the minor axis. The specimens were etched in alco- 
holic nitric acid; they are magnified 1,200 times. 

In Fig. 2 can be seen the contour of the scratches that normally cover the wearing 
surfaces, and Fig. 3 shows a single large scratch (0.015 mm in width) together with 
smaller ones. In both cases the underlying pearlite is deformed in accordance with the 
contour of the scratches. 

One of the liners examined had heavy traces in several places from seizure between 
piston and liner; these traces could be seen with the naked eye. The parts of the wearing 
surface lying outside these traces were heavily scratched and had deep marks every- 
where when seen under the microscope, as in Fig. 4. These scratches and marks almost 
appear to be cut or pressed into the surface. The rectangular titanium carbide particle 
in the centre of the pictures has also been marked, and from the compression of the 
pearlite lamellae it is possible to see how the tops of the scratches have been deformed 
by direct contact with the piston rings. 

This liner had rather low average rate of wear, and it may be assumed that the deep 
scratches and marks have resulted from the formation of a great many sharp wear 
particles during the seizure. Gradually, as these particles are crushed or worn smooth 
or removed with the lubricating oil, the normal conditions of wear are resumed; the 
surfaces become healed up and regain their normal appearance, 1.e. the appearance 
illustrated in Figs. 1, 2 and 3, which also corresponds to the appearance of the other 
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liners. Most of the scratches usually have a width of between r and 5 microns () and 
a depth of between 0.1 and 0.5 w; the radius of curvature for the particles causing the 
scratches, lies between 1 and 5 uw. Almost all of the scratches are parallel and at the 
bottom of the larger scratches can be seen smaller scratches continuing for the length 
of the larger ones; these smaller scratches also run parallel. This means that the scrat- 
ches have been caused by fixed particles or raised areas in the rings or the piston. 
The same scratches can be traced over very long distances on the wearing surfaces, 
and always run parallel even though they occasionally vary in size. The path of the 
piston rings can be seen from the scratches on the liners, since the scratches usually 
follow a slightly spiral course. They are, as a rule, in a new track displaced a little 
sideways. In a few cases it is observed that the scratches stop at a hard area, such as 
a phosphide eutectic or a cementite crystal. But usually the scratches continue through 
the phosphide eutectic and the cementite, and are just as deep there as in the pearlite. 

By interference measurements it has been established that the phosphide eutectic 
in the wearing surface does not stand out in relief in relation to the pearlite. Free ce- 
mentite can stand out somewhat in relief in relation to the pearlite, and titanium 
carbide and nitride crystals can protrude up to 2 uw above the normal surface. 


Wearing particles 


In addition to the more or less fine scratches, the wearing surfaces often have marks 
from sharp particles ; these marks are repeated in the direction of the piston movement, 
as when angular particles roll between the surfaces. When the surfaces are sufficiently 
close, it is to be expected that these particles will be pressed into one of the surfaces 
or leave deep traces; in the liners scratches have been found of entirely different sizes 
and direction from those resulting from fixed particles. 

In Figs. 1, 3 and 5 there are a few very large scratches up to 20 uw in width. Figs. 
1 and 5 show the wearing surfaces magnified only 130 times. A characteristic feature 
of these heavy scratches is the irregularity of the tracks; often the width and depth 
of the tracks decrease in the direction the piston is moving, and the tracks are not 
absolutely parallel with the minute scratches from fixed particles; they follow the line 
of least resistance. Should they strike a graphite flake they usually follow this over 
a short distance and then continue through the pearlite or, more usually, remain fixed 
in the graphite. Should they strike a hard area such as a phosphide eutectic or cemen- 
tite, they may make a detour or stop; in the latter case the particles are either crushed 
or pressed into the opposing wearing surface. 

Fig. 6 shows a wearing surface magnified 1,200 times. In a vertical line through 
the photograph there is a large irregular track, and at the lower end of this, almost 
in the centre of the picture, a round dark particle. It can be seen that below this the 
material has been greatly deformed by this particle being pressed into it. Fig. 7 shows 
a section at right angles to the wearing surface, magnified 750 times, where a round 
particle has been pressed into a graphite flake. The number of large and irregular 
References p, 118 


VOL. 1 (1957/58) WEAR IN CYLINDER LINERS 109 


Fig. 5. Normal wearing surface with a single large scratch starting from a porosity in a phosphide 
eutectic. The track of the scratch is not parallel with the fine scratches (x 130). 


dicular to the wearing 


Fig. 6. Wearing surface with irregular scratch (running ver- surface through a 
tically in the centre of the photograph) in which a round, circular wearing par- 
dark particle, which has caused the scratch in the wearing ticle incorporated in 
surface, is embedded (x 1200). a graphite flake 


(X 750). 
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scratches that are found in a wearing surface, in relation to the more minute and 
parallel scratches from fixed particles, is proportional to the number of round dark 
particles found pressed into the surface. The round particles have a diameter of 2-10 y4, 
and the large irregular tracks are 0.1-I mm in length. It may therefore be assumed 
that these round particles consist either of material torn from the wearing surfaces 
or of foreign matter. They have probably been angular originally, but their edges 
quickly become worn off when they roll between the wearing surface until they are 
pressed into one of the surfaces, or caught by a graphite flake, or disappear in the 
lubricating oil. The embedded particles are not always completely flush with the sur- 
face, but will scratch the opposing surface until they are worn down themselves. They 
are frequently dark and transparent in appearance, as if they were rather high in 
silica content and originated from outside; alternatively they are dark grey and very 
hard, and must chiefly consist of ferric oxides formed during seizure of the pearlite. 
There is no relation between the size of the scratches and the total wear on the liners. 
One may assume that the rate of wear varies greatly between cases of heavy seizure 
and conditions where there is only rarely a direct metallic contact between the wearing 
surfaces. However, it is possible to determine from the appearance of the wearing 
surfaces whether a liner has been exposed to severe or mild wear immediately before 
its removal. 


Seizure 


In only one of the cylinder liners included in this investigation were seizures found 
that could be seen with the naked eye; here it was evident that the piston, together 
with fragments of the rings, had scratched the liner. In another case, seizures could 
be seen under the microscope, above a wearing edge that had been formed where the 
fourth ring from the top was turning in its uppermost position. 

When a particle scratches a wearing surface, the material under the scratch becomes 
deformed and very small particles are torn out of the wearing surface of the scratch 
itself. These particles are so minute that they cannot form a contact between the 
piston ring and the liner because the oil film normally separates the wearing surfaces, 
the distance being of the order of magnitude r jz, judging from the depth of the scratches 
and the size of the wearing particles. In Fig. 2 this distance is indicated from the level 
of the wearing surface, and the size of the normal scratches can be seen in relation to 
this. To form a contact between the wearing surfaces, a particle must be of at least 
this size, or a fixed particle must project correspondingly from the level of the wearing 
surface. If the oil film is missing, there will be metallic contact between large areas 
of the wearing surfaces in relation to the width of the scratches, the surfaces of these 
areas will become deformed, and those particles that are able to make contact between 
the wearing surfaces when the normal oil film is present will be torn out. It is this 
phenomenon that we refer to here as “seizure” and it can easily be observed under 
a microscope as soon as it occurs. It should be noted that in no case have these seizures 


occurred in the places where the piston rings are turning. In that position, under normal 
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circumstances, there will be a sufficiently thick oil film between piston ring and liner 
wearing surface to prevent direct metallic contact between them. 


Fig. 8. Slightly seized wearing surface from piston ring 
face looks brilliant. 


Fig. 9. Part of the slightly seized wearing surface from Fig. 8 
(x 375). The black areas are particles torn out and the 
greyish ones are probably a mixture of oxides and iron. 
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Fig. 10. Section perpendic- 
ular to the wearing sur- 
face in Fig. 9. The arrow 
shows a greyish area. It 
can be seen how the prim- 
ing material has been 
deformed to a depthof 50u 
from the surface (x 375). 
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The seizure phenomenon will be illustrated on the basis of an investigation of piston 
rings in which some seizure has been found. When a ring shows seizure, the liner must 
also have a corresponding seizure somewhere on the wearing surface. 

The wearing surface of the piston rings has normally the same appearance as that 
ofthe cylinders liners, and the deformations caused by the scratches go into the material 
only to a depth of about 1 w. A slightly seized surface appears more brilliant than a 
surface without seizures, but when magnified only 20 times the deformations and 
tearing-off from the surface are seen distinctly (Fig. 8). Magnified 375 times (Fig. 9) 
the heavy tearing-off appears as black spots, and there are some greyish areas. 

Fig. 10 shows a section taken at right angles to the wearing surface; the arrow in- 
dicates an area corresponding to the greyish areas in Fig. 9. These areas seem to consist 
of a mixture of iron and oxides and are very hard and brittle; they will usually break 
off if a hardness test is applied. It must be assumed that it is such areas that, after 
being torn off, form loose wear particles. Further, it is apparent from Fig. ro that 
the surface material has been smeared over and deformed to a depth of 50 « below 
the surface. 
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Fig. I 1. The wearing'surface of a heavily seized Fig. 12. The wearing surface of a piston ring 
piston ring (x 50). To the naked eye the without seizures (x 50). The graphite flakes 
wearing surface seems very dark. are plainly seen. To the naked eye the wearing 


surfaces looks brilliant, though slightly less so 
than the slightly seized wearing surface in 
Fig. 8. 


In Fig. 11 is seen the surface of a badly seized piston ring, magnified 50 times, for 
comparison with a ring surface without seizures (Fig. 12) likewise magnified 50 times. 

The badly seized surface is very dark, and is seen, magnified 375 times, in Fig. 13. 
The black spots are the torn-out parts, and the dark areas are oxides or mixtures of 
oxides and iron. Between the oxidized parts are found light-coloured areas, which 
cannot be influenced by etching with strong nitric acid; since the substance is very 
hard, it must be assumed that it is not ferrite. 
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Fig. 13. The heavily seized wearing surface in Fig. 11 more highly magnified (x 375). 


Fig. 14. Section perpendicular to the wearing surface in the heavily seized piston ring of Fig. 11 
(x 1200). Two sections have been put together so that the wearing surfaces are seen on each side 
of the black vertical stripe. The left section goes through a light area of the wearing surface, where 
no etching could take place. In the upper part of both sections it can be seen how the pearlite has 
been folded during the seizure. 
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Fig. 14 shows a section at right angles to the wearing surface (x 1,200), two sections 
being laid together so that the wearing surface is situated at either side of the black 
vertical stripe. The section at the left goes through a light-coloured area of the surface, 
which cannot be etched. No martensite can be seen within the light-coloured area; it 
is not phosphide eutectic since it cannot be etched with sodium picrate. A closer exami- 
nation of the wearing surface shows that the phosphide eutectic cannot be plastically 
deformed like the remaining structure, but is usually smeared over by deformed 
pearlite. The material contains so little cementite that it cannot cover such large 
areas as those covered by unetchable parts of the surface. 

According to the investigations of H. Dies! a badly seized wearing surface contains 
more nitrogen than the base material, and it is possible that the light-coloured areas 
contain a certain amount of nitride. 


Removal of material by mechanical wear 

Experience shows that the removal of material by the occurrence of seizure men- 
tioned above takes place very quickly, and it must be assumed that this phenomenon 
appears during only a very small part of the service period ofa liner. As has been shown, 
the seized surfaces have many holes from which material must have been torn out, 
and the surface itself has many areas that are brittle and easily broken off. 

Some of these particles will become lodged between piston or piston ring and liner, 
and get crushed or rolled between the surfaces, thereby making marks in the surfaces 
in the direction in which the piston is moving. If the contact between the surfaces is 
sufficiently close — which it is expected to be between ring surface and liner — deep 
tracks may be formed. When an angular particle rolls between two surfaces, its points 
will make marks in the surfaces, and this will produce a bulb of material being pressed 
up around these marks; likewise, pressed-up bulbs will appear along a deep track. It 
may, however, be supposed that the rolling of the particles between the surfaces will 
mainly occur between the wearing surfaces of piston and liner where there is ample 
space, while the deep tracks are probably formed when a particle rolls between the 
wearing surfaces of a ring and the liner. 

Thus it is possible that the piston may contribute to the wear of the liner without 
itself being worn to a corresponding degree, because the bulbs formed in the wearing 
surface of the liner by the rolling of the angular particles between piston and liner, 
may have sufficient height to come into contact with the wearing surface of the 
piston ring. In this way they give rise to welding between the said bulbs and the ring, 
followed by their consequent removal, while the oil film between piston and liner is 
of sufficient thickness to prevent a similar contact between these two surfaces. 

Such badly seized surfaces as are shown in Fig. 8 and Fig. rr most probably occur 
only after a long running time without sufficient lubrication. When the cause of the 
heavy seizure is removed, the surfaces will gradually heal up again and regain their 
normal appearance, but the wear will continue to be very severe for a long time 
afterwards; the particles torn out will contribute greatly to the wear until they are 
removed either by the lubricating oil or by being pressed into one of the wearing sur- 
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faces. However, even during normal running, sufficiently large particles may be torn 
out of the surfaces or they may enter from outside and result in wear in accordance 
with the principles mentioned above. 

In addition to wear due to seizure and loose particles, there will always be mecha- 
nical removal of material going on, owing to fixed particles or projecting elements in 
the wearing surfaces. When the rolling wear particles are pressed into one of the sur- 
faces, they will often project somewhat above the rest of the surface. Particles have 
been found that rose several 4 above the surface. Titanium nitride crystals and tita- 
nium carbide crystals may rise 2 w above the surface, and cementite areas may stand 
out slightly in relief compared to the normal wearing surface. These projecting ele- 
ments will cause scratches in an opposed surface, thereby permitting direct metallic 
contact and the consequent welding together, by which minute fragments are torn 
out of the surface. These fragments are probably so small that they are carried away 
with the oil without contributing to any further wear themselves. 

As the projecting particles scratch the opposed surface they become worn level with 
the remaining wearing surface themselves, after which they are worn just as quickly 
as the pearlite. 

When a loose wear particle is pressed entirely into a graphite flake, it is not to be 
expected that it will scratch the opposing surface again. It is perhaps precisely by 
absorbing wear particles and rendering them harmless that the graphite exercises its 
wear-improving effect. Particles of titanium nitride and titanium carbide in the struc- 
ture of the material, on the other hand, are worn more slowly than the pearlite in 
which they lie, so that they gradually come to stand out in relief as compared to the 
pearlite. They will therefore scratch the opposing wearing surface, and this will result 
in subsequent wear; but the investigation has revealed no information on whether the 
titanium content has had any wear-improving effect, or on whether the wear caused 
by the titanium nitride and carbide crystals is negligible as compared with the total 
wear. 


Corrosion 


In some of the liners inspected it was evident from the appearance of the wearing 
surfaces that the uppermost piston rings must have been broken or sticking so that 
they were unable to scrape the top of the wearing surfaces during the last part of the 
service period prior to the removal of the liners from the engines. On this part of the 
wearing surface there is heavy corrosion of the pearlite as well as of the phosphide 
eutectic. Fig. 15 (x 1200) shows a corroded phosphide eutectic with heavily corroded 
pearlite around it. The phosphide eutectic has been corroded deeper than the pearlite. 
A section at right angles to the wearing surface, through a corroded phosphide eutectic, 
is seen in Fig. 16 (xX 1800). It appears as if there is intercrystalline corrosion in the 
phosphide. Fig. 17 shows a wearing surface (x 375) with very heavy corrosion. The 
dark area is an entirely corroded-off phosphide eutectic. Since asquare titanium carbide 
crystal can be seen within the dark area, the latter cannot be a porosity in the surface, 
and the rounded contours show that is has not been torn out, 
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Fig. 15. Heavy corrosion on the upper part of the wearing surface ina cylinder liner. In the centre 
isa phosphide eutectic surrounded by pearlite. Part of the phosphide eutectic is corroded heavier 
and deeper than the pearlite (x 1200). 


Fig. 16. Section perpendicular to 
the wearing surface through a 


corroded ‘phosphide eutectic as _ Fig. 17. Heavily corroded wearing surfaces (x 375). The dark 


Shown on Fig. 15 (x 1800). It area is a completely corroded phosphide eutectic. In this 


seems as if the corrosion is of dark area a light square particle appears —a titanic carbide, 
intercrystalline character. which is not corroded. 
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Corresponding corrosions of the phosphide eutectic have also been found in the 
combustion chamber and on the surfaces of the piston rings that do not wear against 
the liner, while they have not been found with certainty on the parts of the wearing 
surfaces on which the piston rings have worn during running, immediately prior to the 
removal. 

In order to visualize how this corrosion of the phosphide eutectic arises, test pieces 
were taken from the liners included in the investigation, and corrosion tests were made 
with these samples. With the etching agents generally used it is not possible to obtain 
a degree of corrosion equal to that in the liners. 

When a mixture of sulphur dioxide and air saturated with water vapour is led over 
a vanadium pentoxide catalyst heated to a temperature of 500-600°C, sulphur trioxide 
is formed; this, when cooled down, condenses together with the water vapour to form 
sulphuric acid. 

When a test-piece was placed in an area where the highly concentrated sulphuric 
acid condensed, it became badly corroded and the corrosion had exactly the same 
appearance as on the wearing surfaces in the cylinder liners; the phosphide became 
badly corroded, sometimes more quickly than the pearlite. The same corrosion is ob- 
tained by dipping the test pieces into 80-95°% sulphuric acid at a temperature of more 
than 100°C. Thus it is quite likely that the corrosion on the liners is indeed due to this 
condensation of highly concentrated sulphuric acid. 

CarL Hoecu? has devised and worked out in great detail the theory of condensation 
in a cylinder. In the case dealt with, at maximum pressure during the combustion, 
95% sulphuric acid could condense on surfaces with a temperature of 330°C, 80% 
sulphuric acid could condense on surfaces with a temperature of 240°C, and 60% sul- 
phuric acid on surfaces with a temperature of 170°C. It has been proved? that the 
wear in high-speed diesel engines greatly increases with an increase in the sulphur 
content of the fuel oil, even at operating temperatures where there is no possibility 
of condensation of sulphur dioxide and water vapour. This strongly indicates that the 
oxidation of sulphur dioxide is a process that proceeds very rapidly, although a catalyst 
must be present. Most fuel oils also contain vanadium pentoxide as ash content and 
this is in fact one of the catalysts best suited for the process. Further, the results of 
this investigation show in a more direct way that rather concentrated sulphuric acid 
is formed in the cylinders and that it is the sulphuric acid that causes the corrosion 
of the liners. The dew-point temperatures are dependent on pressure, and at lower 
pressure the dew-point falls simultaneously. What decides the dew-point temperature 
is not the pressure of the sulphur trioxide vapours, but almost solely the water vapour 
pressure. The concentration of the sulphuric acid condensed is only dependent upon 
the water vapour pressure and the temperature, while the quantity of the sulphuric 
acid condensed is in relation to the quantity of sulphur trioxide in the combustion 
gases, and consequently also to the sulphur content of the fuel oil. 

Corrosion of the phosphide eutectic has not been found for certain on the parts 
of the liner wearing surfaces where the piston rings have worn immediately before 
the replacement. This might be interpreted as showing that the influence of corrosion 
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on the wear is minimal in relation to the purely mechanical wear; but it may also be 
possible that the piston rings can succeed in removing the corrosion products, so ex- 
posing new material to attack by the condensed sulphuric acid. 

Moore AND KENT? have investigated the effect of the sulphur content of fuel oil on 
wear in small diesel engines, and have found that the rate of wear with diesel oil 
containing 1.0% sulphur, is approximately 400% greater than with oil containing 0% 
sulphur. With a sulphur content of 1.3% the wear is approximately 160% of that with 
oil of 1% sulphur content, and 700% of that with oil of 0% sulphur content. 

The same figures would hardly be obtained if a similar investigation were undertaken 
with a large diesel engine, but there is no doubt that highly concentrated sulphuric 
acid is condensed on the cylinder surfaces during normal operation, even when diesel 
oil is used as fuel, and it can be assumed that corrosion makes a considerable contri- 
bution to the wear. 


CONCLUSIONS 


The removal of material by seizure takes place very rapidly; this kind of wear occurs 
only during a very brief period in the life of a cylinder liner. A very slow removal of 
material is produced by normal wear, partly by loose particles being brought in be- 
tween the piston rings and the cylinder liner, and partly because hard areas in the 
wearing surfaces are worn more slowly than the remaining structure, thereby standing 
out in relief. When the wearing surfaces get sufficiently close to each other these pro- 
jecting areas will scratch and wear the opposing wearing surfaces. 

Simultaneously with this mechanical removal of material from the wearing surfaces, 
corrosion takes place owing to the condensation of rather concentrated sulphuric acid. 
The corrosion products may be removed with the lubricating oil, or be scraped off 
by the piston rings so that new material is exposed to corrosive action. Condensation 
of sulphuric acid takes place even when diesel oil is used as fuel. Wear is certain to 
increase considerably with an increased sulphur content in the fuel oil. 

The investigation gives no possibility of judging in which proportion the types 
of wear mentioned above contribute to the removal of material, but is it to be expected 
that corrosion is the predominant factor and that it overshadows the variations in 
structure of the materials that occur normally. 
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SUMMARY 


The four principal types of mechanical wear, namely, adhesive, abrasive, corrosive and surface 
fatigue, as well as several minor types are described. Quantitative equations are derived in three 
cases relating the amount of wear material removed from the surfaces or their useful life to operating 
conditions such as distance of travel, speed, applied load and mechanical properties of the surface. 
These equations are compared with experiment, where such exists, and agreement is found in general 
to be good over certain ranges although more carefully controlled experiments are needed. Hence the 
relations may be used by the designer and engineer in designing and constructing equipment having 
moving parts in which wear will be encountered. 


ZUSAMMENFASSUNG 


Die vier Haupttypen des mechanischen Verschleisses werden beschrieben, dies sind: Adhasions- 
verschleiss (Verschweissung), Abrieb, Korrosionsverschleiss und Oberflachenermiidung, einige we- 
niger haufige Verschleisstypen werden ebenfalls besprochen. Fiir jeden dieser Typen werden Glei- 
chungen abgeleitet, die eine quantitative Beziehung legen zwischen einerseits der Menge des von 
der Oberflache abgeschlissenen Materials oder der Lebensdauer und anderseits den Versuchsbe- 
dingungen so als der abgelegte Weg, Geschwindigkeit, Belastung und mechanische Eigenschaften 
der Oberflache. 

Diese Formeln werden mit Experimenten, insofern solche zur Verfiigung stehen, verglichen. Es 
zeigt sich, dass innerhalb gewisser Grenzen die Ubereinstimmung im allgemeinen gut ist, genauere 
Versuche sind jedoch noch nétig. Diese Gleichungen sind daher brauchbar fiir Entwerfer und Inge- 
nieure, die Maschinenteile mit bewegenden Elementen, an denen Verschleiss auftreten wird, kon- 
struieren und bauen. 


INTRODUCTION 


Wear may be defined as the unwanted removal of solid material from rubbing surfaces. 
Now while this definition sounds quite simple, it does in fact lump together many quite 
diverse phenomena such as abrasion, corrosion, galling, etc. In any particular instance 
of wear one may have any of these mechanisms operating either singly orin combination. 
In the latter case, the situation may be even more complicated because of interaction 
between the several mechanisms. For instance, the hard metal oxide formed on a steel 
surface by corrosion may then act as a fine abrasive to wear both of the surfaces. 

Asaresult therefore of this complicated situation, there has not as yet been developed 
any quantitative empirical relation connecting the quantity of wear with the operating 
parameters such as load, speed, and the material constants. In fact, the search for such 
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a single relation is somewhat meaningless because of the several quite distinct pheno- 
mena which are lumped under the single word wear. 

The fact that there is no single empirical law of wear has handicapped the engineer 
considerably in coping with the problem of wear in the design of machinery. Since there 
is no quantitative relation such as Coulomb’s law of friction or Newton’s law of viscous 
flow or Hook’s law for elastic bodies, there is therefore no wear coefficient as there is a 
friction coefficient or Young’s modulus. This means further that the engineer cannot 
apply dimensional analysis in predicting the wear in an actual machine from small 
scale laboratory tests. We are still, so to speak, in the Bronze Age of the understanding 
of wear in spite of the very voluminous published data in the literature reporting 
individual wear experiments. 

It would seem, therefore, that the better way to approach the problem of understand- 
ing and hence predicting wear is to recognize the fact that the single term ‘‘wear’’ does 
in fact include at least four principal quite distinct and independent phenomena which 
have only the one thing in common, that their end result is the removal of solid material 
from the rubbing surfaces. Hence, rather than speaking simply of ‘‘wear’’, it will be 
helpful to our thinking if we recognize the following distinct types of wear: 

1. Adhesive or galling wear 
2. Abrasive and cutting wear 
3. Corrosive wear 

4. Surface fatigue 

5. Minor types 

The purpose of the present paper is to describe briefly what is known about the 
mechanism in each case and the degree to which each can be described quantitatively 
by equations, thus yielding material coefficients. 


NOMENCLATURE 


V = volume of wear material 


true contact area between rub- 


elastic modulus of surface mate- 
rial 


bing surfaces Elim= elastic limit of strain 
Ay = apparent ornominalcontactarea Eel elastic energy per unit volume 
Ad = design area of contact t = time 
W = normal applied load T = vuseful life of rolling surface in 
L = distance of travel cycles 
H = indentation hardness of softer r fraction of corrosion film remov- 
surface ed on rubbing 
W k,k’ = wear coefficients 
aa A, ~ average normal stress Pa : 
0 specific dynamic capacity of a 
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ADHESIVE WEAR 


This type of wear is often called galling, scuffing or scoring, although certain of these 
terms are sometimes used loosely to describe some of the other types of wear. Adhesive 
wear may be distinguished as the most fundamental of the several types of wear, in the 
sense that it is a basic phenomenon that takes place whenever two solid surfaces are in 
rubbing contact, whether lubricated or not, and remains when all other types of wear 
are eliminated. For instance, in a laboratory experiment under carefully controlled 
conditions it is possible, by taking sufficient care, to eliminate all corroding materials 
in the environment as well as all abrasives, but it is never possible to eliminate com- 
pletely the small amount of wear due to galling. 


Ao 


Fig. 1. Section through two contacting surfaces showing local true contact areas 
scattered over the apparent contact area A). 


Adhesive or galling wear arises in the following way. When two nominally flat 
surfaces, no matter how smoothly and finely they are finished, are brought into solid 
contact, they will in fact only touch at a relatively few isolated points as indicated on 
an exaggerated scale in Fig. r. The reason for this is quite clear. Local regions on each 
of the two approaching surfaces only resist further approach and go into compression 
when the surface atoms on each one approach to within one lattice spacing ofeach other, 
where the repulsive forces between adjacent atoms in solids which prevent their col- 
lapsing into, so to speak, nothingness, begin to take over. This distance is approximately 
two to four angstrom units or 1/100 of a microinch. Since the best machining or super- 
finishing practice or even polishing operations in the optical industry still leaves surface 
roughnesses of the order of a good fraction of a microinch at the very least and wavi- 
nesses that are a fraction of a wave length of light (which is 2000 angstrom units or more) 
it is easy to see that it is virtually impossible for mechanically finished surfaces ever to 
come to within a few angstrom units distance of each other over any but a few very 
small isolated areas. 

It is these very small areas that carry all the load between the two surfaces. It has 
been shown by electrical conductance experiments that the sum total of these local 
areas under ordinary design loads are seldom greater than 1/100 of the apparent area 
in contact and often they are as small as 1/10,000 of it!. We shall call the sum of the 
small local areas that are actually in contact the true contact area as opposed to the 
other which will be called the apparent contact area. 
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It follows then that, because of the generally very small size of the true contact area 
even under loads of a relatively few pounds, the local pressures are extremely high and 
usually exceed the yield point of the softer of the two materials in contact. As a result 
of these high local pressures combined with the relative sliding motion, minute welds 
are formed at each of the local contact areas. With continued sliding these welds are 
sheared. While they often shear on their original surface of contact because the weld 
for some reason does not have full strength, still a certain fraction of the welds formed 
will be as strong or stronger, owing to work-hardening, than the softer of the two base 
materials, with the result that these welds shear, not at the initial surface of contact but 
to one side, generally in the softer of the two materials. The net result is that some of the 
softer material has become transferred to the other harder surface. It may remain ad- 
hered to the latter surface and ultimately be worked into it or, on the other hand, sub- 
sequent sliding may knock it loose, resulting in a loose wear particle. In either case, the 
softer of the two surfaces has suffered wear according to our original definition. 

The existence of this adhesive metal transfer can be demonstrated in a number of 
ways, but probably most conveniently and dramatically by means of radioactive tra- 
cers. In using this technique one of the two rubbing surfaces is made radioactive, the 
rubbing experiments are carried out and then the other initially inactive surface is 
examined for evidences of radioactivity. This may be done either with a geiger counter 
or by placing a photographic film in contact with the surface and allowing the trans- 
ferred radioactive material to take its own picture. Examples of such a picture are 
shown in Figs. 2 and 3 where the traces of the tracks made by a radioactive rider being 
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Fig. 2. Autoradiograph of six dry friction Fig. 3. Autoradiograph of two lubricated 
tracks. friction tracks. 


drawn across a steel surface are shown. The discrete nature of the transferred blobs of 
metal in the tracks is most clearly evident in the unlubricated case of Fig. 2 although 
even the more continuous-appearing tracks under lubricated conditions in Fig. 3 show 
under magnification a similar smaller-scale discreteness. 

The amount of adhesive transfer and wear can be profoundly affected by the nature 
of the surfaces and the ambient conditions. As regards the nature of thesurface materials, 
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the same or similar materials show greater transfer than very dissimilar ones. For in- 
stance, it is well known that one never runs steel against steel. Least transferis generally 
observed between a metal and a non-metal such as a mineral, a plastic or an oxide 
coating. 

Cleanliness of the surfaces greatly facilitates adhesive wear. At high altitudes or in 
vacuum, especially if the surfaces have been heated to drive off any adsorbed or oxide 
films, they will literally stick together under the slightest pressure and can only be pulled 
apart with difficulty, indicating the strong nature of the welding tendency when all 
interfering materials are removed. Compared to this very extreme adhesion ina vacuum 
the same pair of metals if then exposed to air cease to show this pronounced sticking 
tendency and in general behave in a way familiar to us,so that without evidence such 
as shown in Figs. 2 and 3 one would not be ordinarily aware of the existence of any 
adhesion. However, this adhesion is still present and results in considerable wear if the 
load or speed is appreciable . Therefore, to reduce it still further we resort to lubricants 
whose primary function in reducing adhesive wear (in contrast to the other types of 
wear) 1s simply to insulate, so to speak, the two surfaces from each other and interpose 
a layer of foreign material which will prevent the weld from forming. However, even the 
most effective oiliness or E-P lubricants, while they greatly reduce the amount of 
adhesive wear, do not eliminate it completely, as is evidenced by tracks which have 
been lubricated with oleic acid. Thus a few welds are always present which can be the 
starting points for incipient large scale galling if the conditions become sufficiently 
severe. This is the origin of failures such as the scuffing of hypoid gear teeth. 

In general, high temperature increases and accelerates adhesive wear. This is to be 
expected since the formation of the weld is on an atomic scale the formation of an inter- 
atomic bond, or in other words, a surface chemical reaction. As is well known, the rate 
of chemical reactions increases greatly with temperature. For instance, Dayton? found 
that an SAE 4140 steel wore 21/, times as fast at 450°F (232°C) as at 300°F (149°C) 
under otherwise identical conditions. As the melting point of the material is reached the 
galling becomes very severe. Hence low melting point materials, such as glass, in general 
gall much more than high melting point ones at the same temperature. 

In many instances the temperature in question may be generated by the frictional 
heat of rubbing. This is often a self-regenerating process in which the initial adhesive 
transfer of material produces a high spot on the surface, which increases the friction, and 
thus the rate of heating and temperature rise. This in turn leads to more severe galling 
which in turn further raises the temperature. Unchecked, this rapidly leads to large 
scale welding or freezing together of the surfaces so that they become essentially one 
piece and further motion is impossible without large scale damage. 

Some recent experimental work? in which the conditions were carefully controlled 
so that only adhesive wear was taking place, uncomplicated by the other types, has 
served to confirm a semi-empirical analysis and a resulting adhesive wear equation. The 
analysis is as follows: Let A denote the true contact area of two solid surfaces in contact 
and W denote the load pressing them together. Then, from what has been said above 
about the fact that the local compressive stresses on these areas in general exceed the 
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yield point of the softer of the two materials in question, it follows that under the action 
of the load WW the surfaces will first come into contact and then the local areas of contact 
at the highest points will proceed to flow after their elastic limit has been exceeded. 
This will increase their area until the yield point, or more properly the flow pressure, 
which is approximately equal to the indentation hardness H, is nowhere exceeded. In 


other words, ides a (r) 


If now we reasonably assume that after a steady state of sliding is reached and all run-in 
and other transient factors have ceased the volume of material removed V is propor- 
tional to the distance of sliding L and also proportional to the true area of contact (since 
as the remainder of the parent contact area is not actually in contact it cannot be ex- 
pected to contribute any transfer or wear material), then we may write 
V=k:A-L (2) 
whence V=k nial Peres ke Weal (3) 
H 
for a given material. This may be expressed differently by dividing both sides of the 


equation by the apparent contact area A,: 
ek 
h=k:-—— =h'-P-+L ; 
A (4) 
where / is the average depth of wear and VP is the average pressure or design stress. In 
other words, for a given material the adhesive wear coefficient k’ is given by the ratio 


h 
Rk’ _—— aa 


Hence if this ratio 


is found to be constant under the experimental adhesive wear 


conditions, the above analysis may be considered to be at least tentatively confirmed. 

Fig. 4 shows the results under steady state conditions for the wear for various dis- 
tances of travel under a given load. This relation is seen to be a straight line. The slope 
of these straight lines or the wear rate is plotted against the corresponding load in Fig. 5 
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Fig. 4. Volume of wear material removed Fig. 5. Wear rate in volume per unit distance 

vs. distance of travel. Slider dia. : 0.079cm; of travel vs. load. Sliders: [] 0.079 cm dia. 
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and the relation is again seen to be a straight line. Hence, it may be concluded that 
equation (3) holds, or in other words, &’ is a constant characteristic of the material over 
this range of moderate load. Thus we are encouraged to hope that there has finally 
evolved an adhesive wear coefficient which can be measured for various pairs of 
materials and used by the engineer in much the same way that he uses friction coeffi- 
cients. 

When the above experiments were pursued at higher loads, those.generally exceeding 
the range of accepted engineering design, it was found that the adhesive wear coefficient 
k’ was no longer constant but increased rapidly with the load or the average compres- 
sive stress. The value of this quantity from equation (5) for all loads or stresses for the 
same material is summarized in Fig. 6. There it is seen that below an average pressure, 
which is approximately equal to one-third of the indentation hardness, k’ is a constant, 
whereas above this value it rises very sharply, the curve finally being terminated by the 
onset of large scale welding damage and seizure. 
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Fig. 6. Value of wear coefficient k’ vs. the aver- 
age stress for steel having hardness of 223 Bri- 
nell. Slider: 120° cone; steel: SAE 1095; speed: 
20 cm/sec. 


Fig. 7. Value of wear coefficient k’ vs. the aver- 
age stress for steel having hardness of 430 Bri- 
nell. Slider: 120° cone; steel: SAE 1095; speed: 
20 cm/sec. 


The same general characteristic was found for the same steel hardened to about twice 
the Brinell hardness as shown in Fig.7. Again k’ is constant up to a value of H/3, beyond 
which it increases rapidly. A possible reason for the existence of the critical value H /3is 
discussed elsewhere’. 

Sata‘ has investigated quantitatively the dependence of wear rate on temperature 
of the sliding surfaces. This temperature has been identified by superimposing curves 
of wear vs. sliding speed run at different ambient temperatures. It is of interest that 
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these curves show a maximum wear rate vs. sliding speed and Sata presumes that this 
implies a maximum vs. surface temperature. 

The familiar behavior of machined surfaces during run-in and the unpredictable 
nature of seizure under marginal operating conditions can be interpreted in terms of the 
curves of Figs. 6 and 7. When two surface elements in a machine are assembled for the 
first time, as for instance the piston rings and cylinder of an internal combustion engine, 
they do not come into intimate or load-bearing contacts over all of their design rubbing 
surfaces, as discussed above, because of the inherent limitations on the degree of smooth- 
ness and parallelism that can ever be achieved. In addition, owing to slight initial mis- 
alignment and machining inaccuracies which are generally present to a greater or less 
degree in all freshly assembled machinery unless the parts have been lapped together, 
the surfaces are not even in apparent contact over their design area as shown in Fig. 8. 
In other words, the apparent constant area A, is only a fraction of the design area Aq. 
As a result, P, the average pressure over the apparent contact area, may be several to 
many times the value which the designer had in mind when he established the dimen- 
sions of the rubbing surfaces. From equation (4), therefore, the wear rate initially will 
also be that many times the final wear rate. As the wear progresses, however, it generally 
results in an increase in the apparent contact area for most well-designed machines such 
as would be shown by the surfaces sketched in Fig. 8. As a result, the wear rate will 
correspondingly decrease, according to equation (4). Finally, if and when the whole 
design surface becomes run-in or seated and no further growth in the apparent contact 
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Fig. 8. Section through two misaligned contacting surfaces, showing the relation between the ap- 


parent contact area Ay and the design area Ag. Note that the local true contact areas are still 
distributed over Ay. 
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area is possible, P becomes constant and the wear rate reaches its final steady state 
value. This explains the general characteristic of all wear tests and run-in tests on new 
machinery, which universally has the shape shown qualitatively in Fig. 9 where the 
wear rate is highest at first and gradually flattens off to a constant slope. 


Volume of wear material 


Distance of travel 
Fig. 9. Typical curve of wear vs. distance of travel during run-in period. 


The above is the normal situation with well-designed machinery. However, it is 
perfectly possible that, owing to faulty design, poor machining, misassembly or some 
adventitious cause, the apparent area is such a small fraction of the design area that P 
is greater than 1/3. In this case, not onlyisthe wearrate correspondingly high because P 
is high (equation(4)), but also A’ itself has been many times increased, as shown in Figs. 6 
and 7, resulting in a wear rate many orders of magnitude greater than that intended by 
the designer. Under these conditions, the wear situation is unstable and critical. There 
are at least two possibilities. The first is that this abnormally high wear rate will very 
rapidly increase the apparent contact area, thus reducing P and the wear rate to 
reasonable proportions, and the run-in will progress from there in an orderly manner. 
On the other hand, the nominal area of contact may not be able to grow quickly enough 
before the initial abnormally high wear rate, which becomes aggravated in a self-regen- 
erating manner, leads to violent large scale damage and seizure. In the case of the 
piston ring and cylinder, this results in large scale scuffing, scoring, or even seizure of 
the piston in the cylinder. Because of the unstable nature of this situation, intermediate 
or oscillating situations are possible, such as the commonly observed cyclic scuffing and 
healing in certain piston ring and cylinder assemblies. 

Even where violent seizure is avoided, the generally unsatisfactory service through- 
out the otherwise useful life of the machine that is sometimes encountered in individual 
instances becomes understandable on the above picture. To take again the case of the 
piston ring and cylinder, the apparent contact area, even though in the high wear region 
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and wearing rapidly, may never reach the full design area because ofasmall but continual 
rocking or motion of the ring relative to the cylinder barrel surface so that it maintains 
continually a slightly convex contact geometry. This is a case of a piston ring or set of 
rings that in an automobile are found to wear continually at a very high rate and never 
seem to run in. 

On the other hand, it is possible, although not likely, that when initially assembled 
the surfaces are well enough mated so that the average pressure P and the wearrateare 
relatively low, but the surfaces are not well enough seated for other purposes for which 
they were designed, such as sealing in the case of piston rings or bearing seals. Asa result, 
because of the low wear rate it takes an extremely long time for adequate seating from 
a sealing point of view to take place, if it ever does. This is the situation of the not un- 
commonly observed piston rings that appear to ‘‘pump oil” in an automobile engine 
during all of their service life. It is to overcome possible situations like this and take 
advantage of the initial high wear rates in order to achieve the desired seating that 
rough turning of piston ring faces has often been resorted to. 

This concludes our discussion of the adhesive type of wear. In general, with good 
design and operating conditions, adhesive wear should after run-in be so small from a 
practical point of view as to be generally insignificant and usually much less than the 
other two major types of sliding wear, namely, abrasive and corrosive. In this usual 
instance, therefore, adhesive wear can be ignored. However, there are certain important 
situations where its existence may lead to very serious results. The first is duringrun-in, 
which has been described above. The other is in the case where even under the best 
design the requirements of high performance dictate a value of P sufficiently large to 
be on the edge of safety, in other words, approaching orexceeding H /3.Thisisastandard 
operating condition in the case of certain machine elements such as hypoid gears and 
explains their critical tendency to scuffing, particularly before the advent of the newer 
extreme pressure lubricants. 


ABRASIVE AND CUTTING WEAR 


In this type of wear the removal of solid material from a surface is accomplished, not 
by its sticking to the other surface, and being pulled out, but rather by its being plowed 
or gouged out by a much harder surface or body. It also is sometimes called scoring. 
There are two general situations for this type of wear. In one case, the hard surface in 
question is the harder of the two rubbing surfaces (cutting wear) and in the other case 
the hard surface is a third body, generally a small particle of grit or abrasive, caught 
between the two surfaces and sufficiently harder than they are to abrade either one or 
both of them (abrasive wear). These will be discussed in turn. 

The situation in the case of cutting wear where the plowing or abrasive removal of 
material is produced by one of the two rubbing surfaces is the simplest and most easily 
understood situation of wear and can be dismissed in relatively few words. The primary 
requirement for its occurrence is that there be a great dissimilarity in hardness between 
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the two rubbing surfaces and in addition that the harder of the two possess a certain 
definite amount of roughness. For instance, NEELY® AND Dayton? found that with 
hardened steel running against bronze, the wear of the bronze was insignificant unless 
the steel had a ground surface. In this case, its roughness asperities under the applied 
normal load dig into the softer surface and literally plow up furrows that break loose as 
wear particles. Its action may be quite similar to that of filing in removing material from 
the work piece. This type of wear was probably more common in older machinery where 
machining and finishing practice was not as highly developed as it is today. However, 
the advent in the last 20 years of industrial instruments for measuring surface roughness, 
and their general acceptance by industry, has made the latter aware of the existence and 
importance of surface finish. As a result, nowadays, in situations where there is a great 
difference in hardness between the surfaces, as for instance in the case of a hardened 
steel shaft running in a babbitt bearing, it is universal practice to give the shaft a good 
smooth finish and the wear of the bearing from this cause becomes unimportant. 

On the other hand, the removal of metal through the abrasive mechanism by asmall, 
hard particle of grit caught between the two rubbing surfaces is an extremely important 
factor in the total over-all wear and is probably responsible for the largest amount of 
wear inindustrialmachinery. This is because of the general prevalence of air-borne dust 
and grit in most industrial environments. In many instances, such as in automobile 
engines, filters are provided to remove such grit, but they are never completely effective 
although they are very helpful. However, the external environment is not the only 
source of such hard particles. Corrosive wear products, which will be discussed in the 
next section, are generally metal oxides and are generally therefore harder than the 
parent metal. Specifically, iron oxide, Fe,O,, is in one form the rouge ordinarily used for 
polishing metals. Hence these oxide particles produced initially by corrosive wear, if 
they remain between the surfaces, will then cause abrasive wear. As mentioned in the 
introduction, this is an example of interaction between two types of wear and contrib- 
utes to the complication in separating the effects of the factors responsible in a partic- 
ular case. It is also possible that the small particles of metal produced by adhesive wear 
will have been sufficiently work-hardened that they can abrade one or the other of the 
two parent surfaces. However, the largest single source of abrasive particles is the out- 
side environment and considerable effort is generally taken to exclude them. 

For instance, the Air Force found in World War II that in the North African campaign 
the rings and cylinders of piston engine aircraft wore many times faster then those of 
planes operating in other theatres such as Northern Europe, toa point where the engines 
had to be taken out of service. 

The fact that the major source of wear-producing abrasives comes from the outside 
atmosphere probably explains the almost universal observation that quantitative wear 
results are often extremely variable in magnitude. The scatter is usually quite large 
except in the most carefully controlled laboratory experiments where effective measures 
are taken to exclude outside grit. This has led CATTANEO AND STARKMAN' to the conclu- 
sion that in wear tests in which one is attempting to analyze the effect of factors other 
than abrasive, one should take the minimum measured values rather than the average, 
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which would be the ordinary statistical approach, on the basis that the presence of any 
amount of the adventitious factor of abrasive can only be expected to increase the total 
wear and never decrease it. Hence any and all fluctuations above the minimum must 
be ascribable to variable amounts of outside abrasives which one was not able to control 
in the test. This is illustrated in Fig. ro taken from their work, which gives the results of 
a series of consecutive tests under two sets of test conditions on the wear of piston rings 
in a single cylinder internal combustion engine. As indicated in the figure, they feel that 
the real wear which they are trying to study under the two conditions is defined by some 
mean of the minimum values rather than the overall average. 

If this viewpoint is correct, it should be possible to demonstrate its validity by means 
of statistical analysis. For instance, in such a set of consecutive tests under otherwise 
identical conditions, if the results fell on a normal Gaussian distribution curve, the 
validity of their argument would seem somewhat doubtful. If, on the other hand, under 
these conditions the statistical analysis showed the results to fall on a distribution curve 
strongly skewed toward the minimum values then it would appear that they have a 
valid procedure for selecting and interpreting the data. The results shown in Fig. 10 
would appear to be skewed in this manner. 


LOSS, mg 


CONSECUTIVE TESTS 


Fig. 10. Scatter of wear results in consecutive identical internal combustion engine tests, 
presumably due to uncontrolled presence of abrasive. Vertical ordinate is loss of weight 
of piston rings. (CATTANEO AND STARKMAN) 


While we have talked so far about abrasive wear due to adventitious presence of grit 
or abrasives, there are certain types of service in which the abrasive factor is implicit. 
Rock crushers, ball mills, sandblasting equipment and sand conveyors all operate in a 
condition where the hard, sharp abrasive is in fact the second of the two rubbing sur- 
faces, and the surface of the machine part must be developed specifically to resist wear 
by abrasive action. In forging dies, the hot scale from the work which is generally a very 
hard metal oxide is always present and may work its way between the mating surfaces. 
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In the present aircraft gas turbine the blades in the after stages of the turbine itself 
where combustion has taken place may be severely worn by the action of fly ash*. 

In attempting to understand the dependence of abrasive wear on various factors one 
must consider both the solid surface and the abrasive itself. As regards the solid surface, 
it is general experience that the most important single thing that one can do to increase 
its abrasive wear resistance is to increase its hardness. There appears to be only one 
other mechanical property of any importance in this regard, and this is the elastic 
modulus. Its prognosticated effect on the wear rate is discussed in the quantitative 
analysis given below. 

Certain physical characteristics of the abrasive have been shown to havea pronounc- 
ed effect on their ability to wear machine surfaces. These include their particle size 
where coarse particles produce rougher surfaces and generally more wear than finer 
ones, In fact, the polishing effect of fine abrasive particles has been made constructive 
use of on occasion in improving the fit of poorly machined or misaligned surfaces during 
run-in. 

The hardness of the abrasive particle is obviously important and has a minimum 
value, which must be significantly harder than the softer of the two rubbing surfaces. 
In addition, its hardness relative to that of each of the two rubbing surfaces will distin- 
guish whether it will exist as loose rolling particles moving around between the two 
surfaces or whether it will become embedded in the softer of the two surfaces and act 
somewhat likea lap on the other surface. A common example of the latter is the situation 
ofa journal bearing made of babbitt running in dirty surroundings where outside abra- 
sive gets into the bearing and, because of the fact that the bearing surface is consider- 
ably softer than either the abrasive or the shaft, the former becomes embedded in the 
babbitt and then serves to wear, not the softer babbitt, but the hardened steel shaft. 

The shape or degree of angularity of the abrasive particles has been shown to be 
important. HAwortu’ found that angular particles of a soft material produced more 
wear than rounded harder ones. 

Until recently, the above represented the extent of our knowledge of the effect of 
various factors on abrasive wear. However, there is now beginning to evolve a ration- 
alization of both abrasive and cutting wear in terms of the mechanical properties of 
the materials. The effect of hardness of the surface being worn has already been noted. 
OBERLES points out that probably a truer measure of abrasive wear resistance is the 
amount of elastic deformation that the surface can sustain. In other words, in the 
presence of a harder abrasive particle, the surface in question deforms elastically to get 
out of the way, but after the particle has passed on, it returns elastically to its original 
configuration with no plastic deformation or permanent damage. The larger the elastic 
limit of strain, the better should the surface be able to resist damage by an abrasive or 
other harder surface. Rubber, for instance, is an extreme example of what we have in 
mind. Water-lubricated rubber bearings for propeller shafts of ships have proved very 


* In this particular case, the mating surface is absent. The load which it applies to the abrasive 
particle is supplied instead by the latter’s kinetic energy. 
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effective in the presence of sandy water as in harbors or shallow bottoms where bronze 
or lignum vitae bearings wore excessively. 

While the elastic limit of strain Eyjmis tabulated forsome materials, it can be expressed 
in terms of more usually measured quantities as follows. It is equal, of course, to the 
elastic limit of stress divided by the elastic modulus E. The elastic limit of stress in turn 
has been found empirically to be proportional for a wide range of materials to the inden- 


tation hardness /7. In other words, 
Fi 


Elim ~© E (6) 
An alternative viewpoint which leads qualitatively to the same result is that the 
amount of elastic energy that can be stored in the surface region of the wearing surface 
should be a measure of its abrasive wear resistance. The greater the amount of this 
stored energy, the greater its wear resistance. The elastic energy that can be stored per 
unit volume £7 in a solid body is proportional to the square of the elastic limit of stress 
divided by twice the elastic modulus. Using the same proportionality between the 
elastic limit of stress and the indentation hardness, we obtain 
iat 
- (7) 
It is seen that qualitatively expressions (6) and (7) are equivalent in predicting that the 
wear resistance should increase with the hardness and decrease with increasing elastic 
modulus. Since published wear data are not yet sufficiently exact to distinguish between 
these possibilities we shall assume the simpler relation (6). Table I gives the calcu- 
lated ratio of the Brinell hardness number to the elastic modulus in mixed units for 


Eg ™ 


TABLE I 


H 
VALUES OF E FOR VARIOUS MATERIALS 


* 
Material Condition a) (in mixed units) 
Alundum (A1,O3) bonded 143 
Chrome plate bright 83 
Gray iron hard 33 
Tungsten carbide 9% Co 22 
Steel hard 21 
Titanium hard 17 
Aluminum alloy hard im 
Gray iron as cast 10 
Structural steel soft 5 
Malleable iron soft 5 
Wrought iron soft 3.5 
Chromium metal as cast 3.5 
Copper soft 2.5 
Silver pure Zu 
Aluminum pure 2.0 
Lead pure 2.0 
Tin pure 0.7 


* Brinell Hardness Number 
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a number of commonly used wear-resistant materials together, for comparison, with 
some that are notably susceptible to wear. While as yet no well-controlled measurements 
have been made to test this relationship, it is interesting to note that general experience 
would arrange these materials in the same order as does the ratio H/E. 

On the assumption that this relation is verified, it is instructive to consider how it 
might help us to develop more abrasive wear-resistant materials. Means for increasing H 
are well known and have been long exploited. Such means include surface hardening by 
carburizing and nitriding of steels, plating with a hard metal such as chromium, hard 
facing with materials such as tungsten or chromium carbide, flame or induction hard- 
ening of steels, etc. On the basis that possibly the ultimate that can be achieved is being 
approached, particularly with the simultaneous requirement of a certain amount of 
impact strength, it is interesting to consider how the ratio H/E can be still further in- 
creased by decreasing the elastic modulus while still retaining a relatively high hardness. 

The elastic modulus is known to depend on certain fundamental properties of the 
material and its crystal structure. In general, the elastic modulus increases with increas- 
ing melting point and decreases with increasing atomic volume. It can be varied some- 
what in certain non-ferrous materials by heat-treating, but notably not in steel. In 
single crystals it may be significantly different in different crystal directions. For in- 
stance, in alpha iron: 


Crystallographic direction E 
100 19,200,000 psi (1,344,000 kg/cm?) 
TTY 41,240,000 psi (2,890,000 kg/cm?) 


This is why chrome plate, which has an oriented crystal structure, stands considerably 
higher in the table than does cast chromium metal. 

Another means for combining a low elastic modulus with a high hardness in the same 
material is by introducing interruptions or voids in the structure. For instance, in some 
experiments OBERLE introduced slots or holes into a steel specimen and reduced its 
elastic modulus from 30,000,000 to 14,200,000 psi (2,110,000 to 994,000 kg/cm?). The 
measured wear rate was correspondingly reduced. OBERLE feels that the known wear- 
resistance of gray cast iron may for this reason be due as much to the essential holes 
produced by the graphite plates (since the graphite has such a lower modulus than the 
surrounding steel that it may be considered essentially a hole) as to the often ascribed 
lubricating action of the graphite. 

The above picture is still to some extent hypothetical, but it is suggestive. A very 
useful field for good experimental wear research would lie in testing this picture and 
specifically attempting to distinguish between relations (6) and (7). If one or the other 
is confirmed, this should provide us with a powerful tool in developing still more wear- 
resistant materials and surfaces than are presently known. AVERY® hasrecently described 
a test machine and procedure for measuring quantitatively such abrasive wear. 
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CORROSIVE WEAR 

The third important wear mechanism under sliding conditions is corrosive wear. As 
the name implies, it takes place when a corrosive environment produces a reaction 
product on one or both of the rubbing surfaces and this reaction product is subsequently 
removed by the rubbing. For the most usually occurring environments such as air at 
room temperature containing humidity and other industrial vapors, corrosive wear is 
primarily important for metal surfaces. Specifically, oxides or hydroxides of the metals 
in question are formed by exposure to such environment, and since with few exceptions 
these compounds are relatively loosely adherent to the metal base, even the mildest 
rubbing serves to remove them. 

From the above definition, therefore, the occurrence of corrosive wear requires the 
presence of both corrosion and rubbing. These are the essential elements of the corrosive 
wear process. However, the variations may be numerous and the detailed operation 
complex. Considering the nature of the environment for instance, in dry air at room 
temperature and particularly at elevated temperatures, the metal corrosion product 
will be the oxide. In moist air it will be a hydrate of this oxide, or a hydroxide. In the case 
of some metals, however, it may be the carbonate resulting from the normal CO, content 
in the atmosphere. In industrial environments, fumes and gases may produce the 
corresponding chemical metal compounds. Chlorides or oxychlorides are very common. 
In service near the seacoast the chloride or oxychloride may also occur. 

While the above air-base environments are those most commonly occurring, liquid 
environments may also be encountered. The most usual ones are aqueous and here again 
the dissolved materials, even though present in extremely small amounts, generally 
determine the type of film compound formed. For instance, the oxygen from the air that 
is normally dissolved in most water seems to be primarily responsible for the hydrate or 
hydroxide film that is formed, since tests with carefully de-aerated water show markedly 
reduced film formation. COg, if dissolved in appreciable amounts, will form the carbon- 
ate or oxycarbonate. The inorganic acids will generally form the corresponding com- 
pound. Inorganic bases dissolved in water are less liable to form reaction product films, 
except for those metals in the middle of the periodic table which are amphoteric. Neutral 
salts often form the metal compound of the anion, and of course galvanic action when 
two dissimilar metals are present in contact will accelerate such reactions*. 

As in the other types of wear, the presence of a lubricant generally exerts a marked 
effect on the corrosive wear that may take place. Its effect may be of two general types: 

(a) it may protect the surfaces from the corroding environment, thus reducing or 
minimizing the corrosive wear that would otherwise result, 

(b) the lubricant itself may react chemically with the surface, thus altering the type 
of compound and amount of wear that would otherwise occur. 

The first of the above actions is obvious and isin practice one of the most usual reasons 
for employing a lubricant. In this role it is effective in substantially eliminating what is 
often the major contributing factor in a general wear situation, namely, corrosive wear, 


* For further details on the compounds that may be expected to be formed in air and aqueous 
environments, see, for instance, H. H. Untic, Corrosion Handbook, J. Wiley, New York, 1948, or, 
U. R. Evans, Corrosion Protection and Passivity, E. Arnold, London, 1946. 
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The degree of its effectiveness in thus reducing corrosive wear will depend on the quan- 
tity of lubricant present or its rate of replenishment, the extent to which it is removed 
by the rubbing, the degree of solubility of the corrosive elements of the environment in 
the lubricant, and the nature, if any, of the lubricant’s own reaction with the surface as 
noted under (b) above. In connection with the solubility of corrosive elements in the 
lubricant it must be remembered that all petroleum oils will dissolve a small but finite 
amount of water. Asa result, certain metals, notably the ferrous ones, will rust slightly 
even when immersed in ordinary lubricating oils, especially if the temperature is raised 
somewhat. This may also give rise to a more complicated chain of chemical reactions as 
will be discussed below. In any case, however, the fact still remains that the use of 
adequate amounts of a good quality of lubricating oil is one of the most effective ways 
to control corrosive wear in machinery under ordinary environmental conditions. 

The other possible effect of a lubricant on corrosive wear, namely, that it itself may 
react with the rubbing surface to form compound films which are subsequently removed 
by rubbing, is in itself an important one. While the pure hydrocarbons that may be 
derived from crude petroleum and used as bases for lubricating oils are themselves 
completely chemically inert with respect to the common industrial metals at ordinary 
temperatures, actual lubricating oils under service conditions may react in a variety of 
ways with many machine and bearing surfaces. The possibilities have been discussed in 
detail by LARSEN AND PERRY” to whom the reader is referred for details. In general, 
such reactions arise from chemical deterioration or decomposition products of the 
hydrocarbon base, especially so at elevated rubbing temperatures. Commonly occurring 
impurities, especially sulphur or sulphur compounds, may also be responsible. Finally, 
additives that are added for other purposes, such as oiliness additives to reduce the 
friction, may form chemisorbed or bulk chemical compound films. 

In addition to the above unintentional reactions between the lubricant and the rub- 
bing surface, there are certain individual but very important instances where a material 
isadded to the lubricant for the express purpose of producing a mild amount of corrosion. 
Such materials are commonly called E-P or extreme pressure lubricant additives. They 
usually are organic or metallorganic compounds containing the metalloid elements 
phosphorus, sulphur, chlorine or arsenic, which form the corresponding metal com- 
pounds with the rubbing surfaces. The reason for making such additions is as follows. 
In the discussion of adhesive wear above, it was noted that in most instances good ma- 
chine design dictates sizing the rubbing areas so that they will operate in the low wear 
rate region of Figs.6 and 7 and definitely avoid the catastrophic wear rate regions to 
the right. On the other hand, parts in essentially rolling motion where the tangential 
rubbing component is practically absent can sustain loads or local pressures many times 
higher than any of those shown on curves such as Figs. 6 or 7, up to the yield point or 
indentation hardness of the softer of the two materialsin contact, at leastif the number of 
cyclesis not toolarge. However, thereisanintermediate caseas exemplified by the hypoid 
gear where the high local pressures of rolling contact such as are found in spur gears are 
combined with tangential rubbing speeds of appreciable magnitude. Asa result, the two 
hypoid gear surfaces on their contact area are operating potentially in the catastrophic 
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wear region of Figs. 6 and 7. Hence, severe galling, scuffing and often actual large scale 
welding or freezing together of the surfaces is always imminent. To overcome this 
situation it has been found effective to add one of the above-mentioned E-P lubricants. 
Their mechanism is purposely to corrode mildly the true contact areas, especially those 
whose local temperatures are rising indicating the onset of large scale welding, to form 
a non-metallic anti-welding film of the metal compound, which both insulates the two 
bare metal surfaces from each other and, in its removal by rubbing, removes any small 
local metal protuberance or galled region that would otherwise grow further to a large- 
scale welded area. The activity and concentration of the additive are carefully determin- 
ed in order to control the amount of corrosive wear resulting, so that it will not be large 
enough to change significantly the surface contour. Thus by the use of an E-P lubricant, 
one has substituted mild corrosive wear for otherwise disastrous galling wear or seizure. 

Returning to the subject of corrosive wear itself, it is, as mentioned above, often the 
major of the three wear components. For instance, WILLIAMS" in his extensive studies 
on the subject has concluded that in the case of most automotive passenger car engines 
under ordinary operating conditions, corrosive wear is responsible for practically all 
the wear of the piston rings and cylinders. While the presence of sulphur in the fuel and 
scavengers for removing tetraethyl lead may be responsible for some of this corrosive 
wear, yet if these two factors were eliminated completely, the corrosive wear would still 
be very appreciable and essentially inherent in the combustion process itself. It is most 
accentuated in cold climates and frequent intermittent service such as is common with 
many suburban passenger cars. The mechanism has been shown to be as follows. A 
commuter starts up his car on a cold morning and drives either to the railroad station 
or to his place of work and then leaves the car parked ouside, where it cools down, often 
below freezing, until he is ready to go home, when he repeats the same cycle in driving 
home. In other words, although the distance driven is relatively small, the engine has 
gone through two cycles of being cold and hot. Each time that it is stopped the products 
of the last combustion are in general trapped in the chamber. As the engine cools down 
below the dew point, water vapor from the combustion condenses on the cylinder walls. 
Furthermore, the CO,, another combustion product, dissolves in this condensed water 
vapor to form carbonic acid. These serve to corrode or rust the cylinder walls, producing 
the abrasive compound Fe,Og. On the next start up this material is wiped off the cylinder 
walls by the piston rings in the normal corrosive wear fashion and furthermore, the 
abrasive oxide wears the cylinder walls and rings abrasively. This cycle is repeated twice 
a day even though the total distance traveled may not be more than ro to 20 miles. 
This mechanism has been confirmed by engine tests in which the wear rate of two iden- 
tical engines running under otherwise identical conditions including running time ex- 
cept that one is operated continuously and the other intermittently, being allowed to 
cool to below 40°F between starts, is compared. The cylinder wear of the intermit- 
tently operated engine was many times that of the continuously operated one, although 
both were run for the same total number of hours or revolutions. 

There are many other examples of corrosive wear too numerous to mention, but very 
familiar to the mechanical, metallurgical or lubrication engineer. 
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As mentioned at the beginning of this paper, two or more of the independent wear 
mechanisms may occur simultaneously and interact. This is true in the case of corrosive 
wear and there is one particular situation of simultaneously occurring corrosive and 
adhesive wear that is common enough to have been givena separate designation. This is 
called fretting corrosion* and commonly occurs in situations where slight vibratory 
motion is possible and takes place between two metal parts, as in bolted structures, 
splined joints and pressed fits. In the case of steel parts, where it most commonly occurs, 
it is characterized by the occurrence of rather voluminous amounts of reddish brown 
oxide, which become visible when the parts are disassembled. In spite of the rather 
large amounts of oxide formed, it generally is not serious, although the resultant slight 
etching or pitting of the contact surfaces is now being considered to be held responsible 
for certain fatigue failures if they occur in a critically stressed region, as in the corners 
of the splined joints between an aircraft propeller hub and shaft. 

The phenomenon of fretting corrosion has been studied rather extensively and its 
mechanism is now generally recognized to be, as mentioned above, a combination of 
galling and corrosive wear. A corrosive component is not necessary for its occurrence, 
however, and in laboratory experiments, under conditions where oxygen and water 
vaper were rigidly excluded, it still took place, the wear debris being fine particles of 
metal rather than the oxide. 

Un tic?’ has recently given a quantitative analysis of the phenomenon and generally 
confirmed the analysis by experiment. WRIGHT" has also obtained similar results. 


SURFACE FATIGUE 


The above three types of wear are the principal ones associated with sliding motion 
between solid surfaces. To them must be added a fourth distinct type of wear, which 
occurs primarily when surfaces are in contact with rolling motion. This is a result of 
fatigue of the rolling surfaces, which is characterized by a local pitting or flaking of the 
surfaces and occurs rather suddenly without any prior visible warning after a relatively 
long life or cycles of revolution. However, when it does occur, the particle removed and 
the resulting pit are relatively large—many times larger than the typical wear particle 
produced by the other three types of wear mechanism — and the useful life of the rolling 
mechanism is terminated shortly after the pitting or flaking begins. In contrast, there- 
fore, to the useful life of parts in sliding contact where performance gradually but uni- 
formly deteriorates as wearing away of the surfaces takes place, surfaces in rolling 
contact operate with practically undiminished performance for more than 99% of their 
useful life and then rather suddenly become inoperable. Thus, rather than the amount 
or volume of material removed by this type of wear, it is the useful life that is com- 
monly measured and to which quantitative analysis is applied. 

This pitting is the result of fatigue of the surfaces in question due to the repeated 
stresses under rotation in exactly the same manner as other mechanical members fatigue 


* Also called friction oxidation. 
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under cyclic stresses. Its occurrence in the present instance arises as follows. Surfaces 
in purely rolling contact such as spur gears, ball or roller bearings or cams and follow- 
ers are commonly much more highly loaded over their contact area than are surfaces 
in sliding motion, owing to the absence of any tangential motion and the possibility 
of the catastrophic wear of the type predicted by the right-hand portion of the curves in 
Figs. 6and 7. Hence much higher stresses are possible, limited only by the tensile or hard- 
ness properties of the surfaces in question. However, the elastic limits of the mate- 
rials are never exceeded, in order to avoid any possibility of permanent deformations 
which would ruin the geometrical contour of the surfaces and impair smooth operation. 
Nevertheless, they are still a major fraction of the elastic limit of stress, so that the 
possibility of fatigue failure exists. 

When two rolling surfaces are in contact under load there is a distribution of elastic 
stresses in the material of each body in the vicinity of the contact area. Application of 
the Hertz equations for the elastic deformation of solid bodies shows that the maximum 
shear stress occurs not immediately at the surfaces of the two bodies, but at a small but 
finite distance beneath the surface as shown by the full curve in Fig. rr. For bodies of 
ordinary dimensions this depth is of the order of 1/100 of an inch (0.25 mm) more or less. 
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of two hard surfaces in rolling, sliding and bodies in rolling contact. 


combined contact. 


Hence, when a fatigue crack does develop, it occurs in the general vicinity of this distance 
below the surface, and once started, like all fatigue cracks, it propagates, generally 
parallel to the surface, until a region of metal of some extent is separated from the base 
metal by the crack and ultimately becomes detached and spalls out. An example of 
such fatigue cracks in the process of propagation is shown in Fig. 12. The net result of 
one or more such flaked-out regions is to leave a badly pitted surface on the races of ball 
or roller bearings or the surfaces of gear teeth in the vicinity of the pitch line. 

Asis the case withall fatigue failures the state of our knowledge of the subject is not yet 


sufficient to enable us to predict when or where an individual fatigue crack will first de- 
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velop. However, through much empirical testing of large numbers of ball and roller bear- 
ings by the industry it has been possible to arrive statistically at certain quantitative 
relations between the useful life and other operating quantities. It has been found, for 
instance, that if a large number of identically made bearings are run under the same 
conditions of load and speed that their measured “‘lives’”’ or number of revolutions 
before serious pitting develops fall on a distribution curve, in which the longest life 
rarely exceeds four times the average life and about 90% of the bearings have a longer 
life than 1/5 of the average. Actually, the ball and roller bearing manufacturers define 
the life of a given bearing for specification purposes as that number of bearing rev- 
olutions which will be reached or exceeded by 90% ofall identical units of that bearing. 

It has been found empirically from large numbers of tests on ball and roller bearings 
that the life T in cycles as defined above varies inversely with the cube of the applied 
load W, or 


We-T =C3 (8) 


The constant of proportionality, or rather the cube root of it, C, which has the dimen- 
sions of load is defined as the specific dynamic capacity or the load at which g0% ofall 
bearings of the type in question will run for at least one million revolutions. This quan- 
tity depends on the dimensions and geometry of the system and has been carefully 
measured for all sizes and types of roller bearings. It is not so accurately known for 
gears, cams and other types of rollers, although BucKINGHAM" has reported extensive 
results on a variety of materials using a laboratory roll test simulating the action of gear 
teeth. From equation(8) it is evident, amongst other things, that a small increase in the 
load will greatly shorten the useful life and this is generally characteristic of fatigue. 

In cases of combined rolling and sliding such as in hypoid gear teeth there is super- 
imposed on the shear stress pattern for pure rolling in Fig. rr an additional tangential 
stress distribution due to the sliding, as shown by the dashed line in the figure. The 
result is that the maximum value of the total stress, which is the sum of the two curves, 
is increased over that for pure rolling alone, but its location is raised nearer to the surface 
(see figure). As a result, the tendency to pitting failure is increased somewhat, but the 
pits when formed are shallower. In the limit of principally sliding motion with only a 
minor component of rolling the point of maximum stress may be so near the surface 
that the wear particles resulting from surface fatigue become indistinguishable from 
those produced by the other sliding types of wear. 

The situation on the surface of a hypoid gear tooth, which has been mentioned before, 
is interesting in illustrating the competitive effect of several different types of wear in 
limiting its useful life. In many ways this surface is amongst the most severely stressed 
of any machine component with the result that the hypoid gear may often be the limiting 
factor in a power transmission system. To begin with, as pointed out in the earlier 
discussion, if the design stress is too high, or if the fabrication or alignment is poor, or 
if an E-P lubricant is not used, surfaces will fail almost immediately by catastrophic 
adhesive wear (see right-hand side of Figs. 6and7). With correct design, good fabrication 
practice and the use of an E-P lubricant, immediate galling failure is avoided but a mild 
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form of corrosive wear has been substituted. While this does actually remove small 
amounts of the metal from the two surfaces, the effect of this change in profile on perform- 
ance can be held to such low limits that the gears would be considered to have a very 
long useful life. However, long before this limit of usefulness is reached, the gear teeth 
surfaces will probably have failed through surface pitting fatigue for which there is 
no known cure other than reducing the working load. 


MINOR TYPES OF WEAR 


The above covers the principal types of mechanical wear which probably account 
either singly or collectively for over 95% of the wear experienced in present-day machi- 
nery. There are, however, a number of minor types which appear, at least from our 
present understanding of them, to be distinct from the major types discussed above. 

One is so-called erosion caused by high velocity liquids. It most commonly occurs on 
ship propeller blades anda similarly appearing deterioration has recently been observed 
in high speed diesel engine bearings and tentatively ascribed to the same cause. The 
wearing away of material by liquid erosion may bea distinct type of phenomenon. How- 
ever, there is some indication that it only occurs when small solid particles are present 
in the liquid. If this is true, then it reduces to another example of abrasive wear. 

Another minor type of wear which is distinct from the types already discussed, is the 
so-called impact chipping that occurs on the hardened working surfaces of pulverizing 
and excavating equipment. Here, in addition to the purely abrasive wear resulting from 
the action of the hard mineral materials being handled, the hardened working surfaces 
of the machinery show a small-scale spalling as though small chips of the metal had been 
literally knocked out of the surface. Apparently under the high impacts involved a 
certain amount of local fracturing of the hardened surface takes place. It is found to 
increase with increasing hardness of the surface and suggests a failure by brittle fracture 
under impact. 

This presents something of a dilemma in producing a successful working surface for 
this type of machinery, since because of the simultaneous presence of abrasive wear on 
the one hand which dictates the hardest possible surface, and this impact chipping on 
the other, which is reduced by using a softer, tougher and more shock-resistant surface, 
it is difficult to find a material which will stand up well under both types of wear. The 
hardened steels, white-cast iron, and the hard metals are best from the purely abrasive 
wear resistance point of view, while the less completely hardened but work-hardenable 
steels, most notably the Hadfield (austenitic) type manganese steel are best from an 
impact-chipping-resistance point of view. 

Many readers may on occasion have observed other isolated instances of a type of 
wear which on analysis does not appear to fall in any of the main types. PAYNE AND 
Joacuim"* believe that they have found such a type in diesel engine cylinders but it is 
believed that the total quantity of such instances is small. 
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CONCLUSION 


In this paper we have attempted to outline qualitatively and quantitatively the 
mechanisms of four principal types of wear, three occurring with sliding motion and one 
with rolling motion, as they are understood today. It has been possible in three of the 
four cases to arrive at a semi-empirical equation relating the amount of wear material 
removed from the surfaces or their useful life to the operating conditions, suchas distance 
or time of travel, speed, applied load, and mechanical properties of thesurfaces, namely, 
equations (3), (6) or (7) and (8). Thus it should begin to be possible to analyze the results 
of wear experiments in which conditions are carefully controlled, and especially those 
in which a single one of the types of wear is predominant. By this means it should be 
possible to measure and tabulate for engineering use the values of the empirical coeffi- 
cients that appear in each of the equations so that at last the engineer and designer will 
be provided with a rational approach to the wear problem in their machinery. 
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SUMMARY 


The emission of exo-electrons from metals is reviewed. Deformed metal surfaces produce counts 
in point-counters, counting tubes or electron-multipliers ard this apparently spontaneous electron 
emission was at first ascribed to the latent heat developed during phase changes or interaction 
with oxygen. More recent investigations showed that the surface films on deformed metals contain 
special electronic energy levels associated with crystal imperfections in the oxide lattice. The 
energy levels can be excited thermally or optically, leading to electron emission at definite tem- 
peratures or wavelengths of light. The decay of emission depends on the atmosphere with which 
the metal surface is in contact. 


ZUSAMMENFASSUNG 


DIE UNTERSUCHUNG VON FRISCH VERFORMTEN METALLOBERFLACHEN 
MIT HILFE VON EXO-ELEKTRONEN-EMISSION 


Die Emission von Exo-elektronen aus Metalloberflachen wird iibersichtlich beschrieben. Ver- 
formte Metalloberflachen erzeugen Impulse in einem Spitzenzahler, Zahlrohr oder Elektronenver- 
vielfacher und diese, anscheinlich spontane, Elektronen-emission wurde zuerst Warmeténungen 
zugeschrieben die durch Phasenumwandlungen oder durch Wechselwirkung mit Sauerstoff ent- 
stehen sollen. Neuere Untersuchungen haben gezeigt, dass die Oberflachenschichten auf verformten 
Metallen besondere Elektronen-energieniveaus enthalten die durch Fehlstellen im Oxydgitter be- 
dingt sind. Diese Niveaus kénnen sowohl thermisch als auch optisch erregt werden und dies fiihrt 
zur Elektronen-emission bei bestimmten Temperaturen oder Wellenlangen des Lichtes. Der Ver- 


Jauf der Emission ist von der Atmosphere bedingt mit der die verformte Metalloberflache in 
Kontakt ist. 


INTRODUCTION 


In many wear processes the structure of the surface zone on the rubbing contacts 
is of great significance, yet present-day knowledge of this subject is very limited. This 
limitation arises mainly from the difficulty of devising methods of investigation which 
would provide information about the surface layers. The latter usually consist of a 
complicated mixture of oxide and metal, containing structures of non-stoichiometric 
composition arising form the deformation processes, covered possibly by a normal oxide 
film formed through exposure to the atmosphere. The publication in 1950 by KRAMER! 
of a new method of investigating freshly deformed metal surfaces therefore roused 
considerable interest. Since then a considerable amount of experimental evidence has 
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become available, which makes it possible to assess the importance of the method for 
increasing our knowledge of the structure of surface films on metals. The subject has 
recently been reviewed by SEEGER? and by LINTNER and ScumiIp®%. 


The discovery of ‘‘exo-electrons”’ 


KRAMER! found that metal surfaces which had been subjected to abrasion or other 
deformation processes, when brought in front of an open-ended point-counter produced 
pulses, similar to those produced by radio-active materials. KRAMER concluded that 
the pulses were triggered off by electrons which were emitted from the freshly deformed 
metal surface. The emission of electrons from solid surfaces usually involves the sur- 
mounting of a potential barrier, which in the case of metals is known as the work 
function. In KRAMER’s experiments the emission was apparently spontaneous, since 
no externalenergy in the form of heat or light had been supplied to the surface. KRAMER 
assumed that exothermal processes occurred on freshly deformed metal surfaces, which 
would provide the energy necessary for surmounting the potential barrier and suggested 
that electrons emitted under such circumstances should be called exo-electrons. This 
term is now applied to a much greater variety of electron emission phenomena and 
is understood to imply, as will be demonstrated later, the presence of special structures, 
such as crystal imperfections, which facilitate the emission of electrons at unusually 
low energy levels. 


eee) = Ox 4+ 3 —**« Oe ee: 
(@) 50 100 150 200 250 


Temperature, °C 


Fig. 1. Exo-electron emission from a bearing metal. 
Curve 1: in run-in condition. 
Curve 2: after grinding off run-in surface. 


Amongst early experiments performed by KRAMER were several which concerned 
the behaviour of bearing surfaces. He investigated, for instance, a specimen cut from 
a connecting-rod bearing which had been in use in a lorry for a distance of about 
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20,000 miles. The specimen was heated under a point-counter and as can be seen in 
Fig. x electron emission commenced above about 190°C. Curve 1 shows the emission 
from the well run-in surface and curve 2 from the same specimen after grinding off 
the run-in surface. Experiments of this kind led KRAMER to suggest that worked 
metal surfaces contained a “non-metallic” phase of the metal, which became unstable 
above a certain temperature (190°C in the case of the bearing metal) and then spon- 
taneously reverted to the normal metallic phase. This phase change was said to be 
exothermal and the latent heat associated with it would be responsible for thermal 
emission of electrons from the metal surface. Although this hypothesis is no longer 
considered valid, it is of importance since it influenced the research effort in the field 
for some time and also provided the term “‘exo-electron emission’’, which has remained 


in use. 


The measurement of exo-electron emission currents 


KRAMER used a point-counter for the detection of emission currents from freshly 
deformed surfaces. This type of instrument is shown in Fig. 2a. It consists of a thin 
wire anode terminating in a fine point or a small platinum sphere, which is surrounded 
by an open-ended cathode cylinder. The latter is usually kept at earth potential and 
a positive voltage of between 2000 and 4000 V is placed on the anode wire. Apart 
from a relatively high series resistance of about 109 Q the rest of the equipment is 
similar to that used in work with radio-active materials. The counter is operated in 
air at atmospheric pressure and can therefore readily be used in various types of experi- 
ments. It is however rather unstable and, for instance, adventitious dust particles 
adhering to the anode wire can lead to spurious counting. 

For more stable operation Geiger-Miiller tubes are used. These are either of the 
vertical type (Fig. 2b), with an anode wire terminating ina glass bead or of the horizon- 
tal type (Fig. 2c) in which the anode wire stretches over the whole length of the 
tube. Lower anode voltages up to about 1500 V are used, but a special counting 
gas-filling, at pressures of between 4 and 10 cm Hg, is required for satisfactory op- 
eration. The filling gas usually consists of pure argon or hydrogen and admixtures of 
a “quenching gas”’ such as ethyl alcohol. The rest of the equipment is similar to that 
used in radio-active work. 

Exposure of specimens to counters presents some very special problems. The meas- 
ured currents usually consist of slow-moving electrons or in the presence of oxygen 
of slow-moving oxygen ions (O2~), which have little power of penetration. KRAMER and 
many workers after him made the specimen part of the counter cathode. In the view of the 
writer this procedure is not to be recommended, since the surface of the specimen is 
then directly exposed to the uncontrolled field from the counter anode and it is not 
unlikely that this factor may play a role in experiments in which ‘“‘spontaneous”’ emis- 
sion, without external sources of energy, have been observed. In order to avoid this 
difficulty the specimen should be mounted outside the counter and an earthed grid*#§ 
interposed between specimen and counter so as to shield the former from the anode 
of the latter (see Figs. 2b, c). The slow moving electrons or ions are drawn into the 
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Fig. 2. a, b, c, d. Types of instruments used for measuring exo-electron emission. 


counter by applying a negative voltage of a few volts to the specimen and keeping 
the grid at cathode potential (earth). If quantitative measurements are desired the 
provision of the shielding grid is important, since the measured emission currents de- 
pend on the electric field above the specimen surface?. 

The use of counters necessitates exposing the specimen during the measurements 
to air or to the counting gas and recently attempts have been made to avoid this 
complication. A very ingenious method was used by BATHow and GoBRECHT®. They 
placed the specimen in a vacuum chamber (at 10-* mm Hg) and focussed the emission 
current with the aid of an accelerating voltage of 6 kV into a counter, which was 
closed by a very thin glass membrane. Alternatively, it is possible to dispense with 
the counter altogether and use an electron-current measuring device, which, although 
less sensitive than the counter, is capable of operating in a high vacuum. Such appa- 
ratus contains a secondary electron multiplier, consisting of a number of electrodes 
made of a material (e.g. copper-beryllium), which under the impact of a number of 
primary electrons, produces a greater number of secondary electrons (Fig. 2d). The 
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electrons between the various stages are accelerated by voltages of the order of 300 V 
and very high amplification factors can be obtained in this manner, depending on 
the number of electrodes used. The output of the multiplier is then further amplified 
and registered. Exo-electron emission currents have been measured successfully in this 
way by SEEGER’ and by Lourr and RAETHER®. 


Experimental material on exo-electron emission from metals 


Evidence about exo-electron emission from metals has been obtained by a consid- 
erable number of research workers and the investigations can roughly be grouped 
according to the working hypothesis used. One group concerned itself with attempts 
to discover the exo-thermal processes on the surface which would lead to apparently 
spontaneous emission of electrons. Other workers thought that by deliberately sup- 
plying energy to the surface in the form of heat or light it might be possible to obtain 
information about the structures present which were responsible for the emission phe- 
nomena. The most important of these investigations will be reported below. 


Exo-electron emission associated with phase changes in metals 


KRAMER! showed that when Wood’s metal was allowed to solidify in front of a 
point-counter strong exo-electron emission was observed (Fig. 3). Very little emission 
was observed when the specimen was heated from below to above the melting point, 
whilst on cooling emission occurred only during the solidification process. It was this 
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Fig. 3. Exo-electron emission during the so- Fig. 4. Phase diagram of lead-tin alloys. 
lidification of Wood's metal}. Points on curve correspond to observed exo- 


electron emission maxima!9, 


particular experiment, which led KRAMER to suggest the importance of exo-thermal 
processes. KRAMER’s experiment was repeated by FuTSCHIK®, who also found that the 
same phenomenon occurred during the solidification of mercury. Electron emission 
during phase changes of a series of lead-tin alloys was observed by Futscuik, LINTNER 
and ScuMID!®, Fig, 4 shows the phase diagram of the system lead-tin. Points on the 
phase boundaries and at the eutectic point denote temperatures at which 
References p. 154 


VOL. 1 (1957/58) EXO-ELECTRON EMISSION FROM METAL SURFACES 147 


emission maxima were observed when alloys of different composition were allowed to 
cool underneath a Geiger-Miiller counter. According to STEINER" the 6 — a transition 
of thallium also causes the appearance of an emission maximum. 

Whilst the interpretation of the above experiments in terms of KRAMER’S hypothesis 
may appear justified, evidence is now available that the phenomena may be more 
complex. Using the apparatus already briefly described, BarHow and GoBRECHT® were 
able to show that, if the surface of a specimen is carefully cleaned in vacuo and not 
exposed to the atmosphere before or during the measurement, no electron emission 
can be observed at temperatures at which phase changes occur. It thus seems that 
extraneous surface films must be present if the phenomenon is to be observed. GRUN- 
BERG (quoted by ref. 1) has suggested that emission during phase changes may arise 
through the formation of special electronic energy levels in surface oxide films, similar 
to those discovered with abraded surfaces®, to be described later. These emission cen- 
tres would arise from the mechanical stresses which the density changes of the me- 
tallic phase produce in the surface film. The latent heat of phase changes may then 
provide the energy necessary for the emission of electrons from those energy levels. 


Exo-electron emission as a consequence of chemisorption or reaction 
with oxygen 

Several workers took the view that exo-thermal processes other than phase changes 
of the metal may be responsible for the emission phenomena. HAXEL, HOUTERMANS 
and SEEGER" observed that, when abraded metal surfaces were heated inside a Geiger- 
Miiller counter a series of emission peaks occurred as shown in Fig. 5. These workers 
held that the emission peaks were due to the presence of adsorption sites for oxygen 
having different energies of activation and the emission was caused by the chemisorp- 
tion of oxygen. The experiment shown in Fig. 5 was carried out with abraded gold, and 
it has since been shown!3 that the emission from metals which do not form oxides, 
such as gold, was due to contamination with particles of abrasive. Lately, SEEGER’ 
abandoned the hypothesis about the exothermal cause of the emission and recognized 
the importance of special emission centres. 

The heat of oxidation of metals has also been suggested as an exothermal source of 
electron emission. ROUBINEK and SEIDL™, investigating metal films sputtered on to the 
cathode surface of Geiger-Miiller tubes, found that the presence of small quantities of 
oxygen in the counting gas were required for emission to be observed. From the decay 
law followed by the emission they suggested that the growth of the oxide film was 
associated with the emission process and hence that the oxidation of the metal provided 
the energy of electron emission. The important role which oxygen plays in the emission 
process was recently again demonstrated by Lonrr!>. Metal specimens were scratched 
in a high vacuum (< 7 x ro-® mm Hg) and then investigated with the aid of the 
electron multiplier already mentioned*. On admitting oxygen at various pressures 
Lourr found that the emission from aluminium, for instance, at a pressure of ro“* mm 
Hg was about ten times greater than at 7 xX Io-° mm Hg. The emission changed in a 
complicated fashion with time. After admitting oxygen it rose first to a maximum 
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Fig. 5. Electron xr ssion during gradual heating of abraded gold??. 


and then declined. At higher oxygen pressures the intensity of the emission at the 
maximum was higher and the time for reaching the maximum shorter than at lower 
oxygen pressures. Aluminium, zinc and lead behaved in the same manner. With mag- 
nesium the maximum was probably reached in such a short time interval that it became 
unobservable, and only an emission decay curve was observed. Iron, copper, silver, 
gold and platinum gave no emission when investigated by the above method. 

From the experiments reported in the present and the previous section it appears 
that experimental evidence about an exclusive exothermal origin of the emission has 
not been fully established. In the case of phase changes surface films must be present 
for the phenomenon to occur and it is also uncertain whether or not an oxia. film 
with special characteristics was present in the experiments with oxygen. 


Exo-electron emission with thermal excitation 


Under the supposition that the emission phenomena so far reported may be due to 
special electronic energy levels present in non-metallic surface films on metals, one 
would expect that if the temperature is gradually increased, so that the thermal ene *y 
increases, the latter would, at definite temperatures, reach levels correspondin: to 
the thermal excitation energies of the electronic levels and that emission maxima muy 
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appear at these temperatures. A similar technique has been applied for some consid- 
erable time to thermo-luminescent phosphor and is known as the observation of a 
“glow-curve’’, in which luminescence maxima appear at definite temperatures, as the 
temperature of the phosphor is increased. The observation of an ‘‘exo-electron emission 
glow-curve”’ is now a well-established technique. SEEGER?,1® employed this method 
for the study of metal surfaces. Fig. 6 shows the results of experiments with alu- 
minium’, In order to produce the emission centres, prior to taking the ‘‘glow-curves’’, 
the surfaces were irradiated with ultra-violet light. Curve r refers to an aluminium 
surface which had been turned in a lathe and then heated in the counting gas (argon 
+ ethanol) for a short period at 350°C. All the emission centres active up to this tem- 
perature were destroyed during this process, but irradiation with U.V. light had acti- 
vated some of these again. As can be seen (Fig. 6, curve r), strong emission was evident 
already at r70°C. If the specimen was heated for 30 min at 335°C in air at a pressure 
of o.r mm Hg before U.V. irradiation, then curve 2 was obtained, showing a maximum 
at about 60°C. Further heating at 365°C and 0.r mm Hg air pressure for 150 min 
gave curve 3 with a higher maximum at 60°C. Curve 4 was taken after ro min at 
380°C in air at atmospheric pressure and curve 5 after further r3 min at 380°C again 
at atmospheric pressure. Curves 4 and 5 illustrate the decline of the emission when the 
specimen was heated at higher concentrations of oxygen. 
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Fig. 6. Exo-electron emission glow-curves from Fig. 7. Exo-electron emission glow-curves 
aluminium after various surface preparations and from tungsten after various surface prepa- 
U.Y. irradiation (see text)1®. rationsand electron bombardment (see text)’. 


Other experiments by SEEGER’ indicate the importance of mechanical deformation 
for the creation of emission centres. Using an electron-multiplier, tungsten surfaces 
ppared in various ways were investigated after electron bombardment im vacuo. 
I +. 7 shows the results obtained. Curve r refers to a specimen which had been heated 
ia vacuo at 1000°C. If the same specimen was then oxidised in air at atmospheric 
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pressure at roo°C for 15 min it gave curve 2. Curves 1 and 2 show hardly any emission 
maxima at high temperatures. If the specimen was both oxidised and abraded in air, 
then curve 3 resulted on which a number of definite emission peaks are evident. If a 
specimen was first freed from oxide according to the procedure used for obtaining 
curve rand then abraded in air, curve 4 was obtained on which the maxima are smaller 
and less distinct. It thus seems that the simultaneous presence of an oxide film and 
mechanical deformation are very effective in creating conditions under which emission 
centres are being formed through electron bombardment. No attempt at describing 
the emission centres in detail has yet been made. 


Exo-electron emission with optical excitation 


The emission centres can be excited by light of a wavelength corresponding to the 
optical excitation energy. This provides an even more effective means of investigating 
the centres than the observation of a glow-curve. The energy levels can then be chosen 
independently of each other, whilst in a glow-curve lower energy levels (lower temper- 
atures) have to be applied before higher energy levels (higher temperatures) are 
reached. 

GRUNBERG and WRIGHT observed that an abraded cleavage plane of a single crystal 
of zinc gave photo-electric emission during illumination with visible light, an effect 
which could not be observed with an undisturbed cleavage plane. The abrasion process 
had therefore produced structures which enabled emission to occur at optical energy 
levels lower than those necessary without abrasion. The same workers®, using narrow 
band light filters investigated the photo-electric response as a function of the wave- 
length of light from a number of abraded metals. They found that many oxidisable 
metals, suchas Al, Mg, Zn, Ga, In, Cd, Pb, Cu, Fe, Ni, Sn, and Ti, after abrasion, emitted 
electrons when illuminated with ultra-violet light of about 3700 A, quite independently 
of the position of the photo-electric thresholds of the metal or of the respective oxides. 
These observations agree with those of EDLINGER and MULLER" for abraded alumin- 
ium and zinc, using U.V. light below 4000 A. GRUNBERG and WRIGHT extended the 
measurements into the visible range of wavelengths (4000-7000 A). Most metals gave 
only very weak emission in this region, but a group of metals comprising aluminium, 
magnesium and zinc gave strong emission peaks at certain wavelengths. These three 
metals gave weak emission between 4000 and 4600 A, but at 4700 A a very strong 
emission peak was observed. Emission maxima also occurred at 5200 A and between 
6000-7000 A. Later GRUNBERG and WRIGHT" were able to show that the exo-electron 
emission spectrum was independent of the method of producing deformed surfaces. 
Specimens of aluminium, magnesium and zinc gave, after extension, the same spectra 
as abraded surfaces. Films of aluminium, which had been evaporated in an imperfect 
vacuum also gave the same spectrum. Fig. 8 shows examples of electron emission 
spectra obtained from abraded, extended and evaporated aluminium. 

The existence of definite energy levels, corresponding to the observed emission 
maxima suggested that the emission was due to the oxide rather than the metal, since 


References p. 154 


VOL. 1 (1957/58) EXO-ELECTRON EMISSION FROM METAL SURFACES I51 


Abraded 
N, Counts/min 


pe) 
fe) 
(2) 
{e) 


Evapcrated 
N, Counts/min 


(c) 


1000 


Extended 
N, Counts/min 


3000 4000 5000 6000 7000 
Wavelength, A 


Fig. 8. Exo-electron emission from abraded, evaporated and extended aluminium as a function 
of the wavelength of light18. 


the electronic structure of the latter precluded the presence of such levels. GRUNBERG 
and WRIGHT concluded that the deformation or evaporation of aluminium, magnesium 
and zinc produced an oxide-phase containing a large excess of metal. Such a phase 
would embody a considerable number of crystal-sites in which negative oxygen ions 
were missing and hence capable of trapping two electrons to maintain the electrical 
neutrality of the crystal. Centres of this structure can be denoted by the term “F’- 
centres’, in analogy with similar centres known to exist in alkali halide crystals. The 
electrons trapped in F’-centres are characterised by a much lower energy of excitation 
than those held in oxygen ions and GRUNBERG and WRIGHT attributed the emission 
peak at 4700 A (equivalent to an energy of 2.64 eV) to the presence of /’’-centres. The 
formation of these in metal films evaporated in the presence of traces of oxygen could 
occur by a process known as “additive colouration”. The first deposition is mainly 
in the form of oxide and subsequent depositions in the form of metal atoms, which 
diffuse into the oxide lattice, building up an oxide structure rich in oxygen-ion vacan- 
cies. In mechanical deformation processes a number of vacancy-pairs (associations of 
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negative and positive ion vacancies) appear in the oxide, which by interaction with 
metal atoms or electrons form /’’-centres. The structures responsible for the emission 
at 5200 A and between 6000 and 7000 A have not yet been described in detail. 

The mechanism by means of which electrons are emitted is a fairly complicated 
process. Illumination with light of the right wavelength (4700 A for ’’-centres) causes 
excitation of the centres. Although some of the centres lose their electrons to other 
energy levels, for instance the conduction levels, the electrons cannot leave the crystal 
and no emission occurs. Excited centres, retaining their electrons, lose the energy 
of excitation to surrounding atoms. If this de-excitation process occurs within 
30 to 40 A of the crystal boundary and the latter contains sites in which electrons 
are loosely bound, then emission of electrons occurs from surface sites through energy 
transfer from the centres in the process of de-excitation. It appears that the surface 
sites from which electrons are emitted are adsorbed oxygen". 


The decay of emissive properties 


The emissive properties are known to decay with time and many workers found that 
plotting the emission current N against the time ¢ on double-logarithmic scales gives 
approximately straight lines with negative slopes. An equation of the form 


N=atn (1) 


was thought to represent the decay of the emission (a and are constants). Equation 
(1), however, could only apply to a limited range of time, since it is incapable of des- 
cribing the initial conditions (7.e. at / = 0), under which the emission current would 
have a finite value. GRUNBERG and WRIGHT®,}§ investigated the decay of the emission 
peak at 4700 A as a function of the composition of the ambient atmosphere to which 
the specimen was exposed. They found that when abraded or extended metal surfaces 
were kept in an inert atmosphere (argon) the decay followed the equation 


N = Ny exp. —h,t (2) 
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Curve 1: 160 mm Hg; Curve 2: 82 mm Hg; 
Curve 3: 55 mm Hg; Curve 4; 27 mm Hg. 
References p. 154 


VoL. 1 (1957/58) EXO-ELECTRON EMISSION FROM METAL SURFACES 153 


Fig. 9 shows a decay curve obtained with abraded aluminium which had been stored 
in pure argon. From the form of equation (2) it appears that under these conditions 
decay was due to thermal effects. In the presence of oxygen the decay was accelerated 
and followed the kinetic equation 


Mo th oe Bai)? (3) 


Fig. 10 shows curves of (N,/N)? against the time ¢ for various concentrations of oxygen. 
The reaction velocity constant kg was found to increase proportionately with the partial 
pressure of the oxygen present. 

The great effect which the presence of oxygen has on the decay of the emission at 
4700 A agrees with the interpretation that this emission was associated with an oxygen 
deficiency of the surface layer. Exposure to oxygen does not affect the whole thick- 
ness of the surface layer in which emission centres are present. This can be seen from 
the results of an experiment shown in Fig. rr!8. An abraded aluminium surface was 
kept in air for two days during which period the photo-electric sensitivity in the visible 
range of light had practically disappeared. When successive layers were etched from 
the surface the emissive properties re-appeared, passed through a maximum and then 
disappeared after a layer of about ro microns had been etched from the specimen. 
Exposure to oxygen had thus led to the disappearance of /’-centres in the outermost 
part of the surface layer, below which the centres remained in being. 


CONCLUSION 


The present review has brought out the complexity of the problems which still 
remain to be solved in the application of exo-electron emission for the study of surface 
layers on metals and in particular how such layers arise in frictional contact. The 
evidence which so far has become available suggests that the emission centres are 
associated with non-metallic, 7.e. oxidic, surface layers and that such layers may have 
considerable depth as is evident from Fig. 11. Very little can yet be said about the me- 
chanical properties of the surface layers. As the emission measurements show, they 
contain crystal imperfections arising from plastic deformation, and are probably work- 
hardened to a high degree and hence liable to brittle failure. A little is known, however, 
about the chemical effects which deformed surface layers may have on the medium 
with which they are in contact. GRUNBERG!® for instance has shown that measurable 
quantities of hydrogen peroxide are produced from water and oxygen in contact with 
deformed metal surfaces and it is not unlikely that some of the organic peroxides in 
used lubricating oils may originate in a similar manner. The present review was res- 
tricted to the results of exo-electron emission studies on metal surfaces. Considerable 
material is now also available on the behaviour of non-metallic materials, which all 
points to the significance of special electron energy levels for exo-electron emission. 
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Fig 11. Effect of etching away of surface layers from an abraded aluminium surface the emissive 
properties of which have been allowed to decay in air!8. 
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WEAR PREVENTION IN EARLY HISTORY 
Cc. ST. C. DAVISON 


Science Museum, Exhibition Road, London (England) 


SUMMARY 


4 In this article it is shown how the earliest device for wear-prevention was found on a palaeolithic 
rill. 

The lubricating quality of oil was known as early as the third millenium B.C., images of this 
period having been found with wigs of asphaltic bitumen. 

The author discusses the ways in which collosi in Egypt and Assyria were transported to their 
sites on sledges and how wear was prevented and frictional forces reduced by means of lubri- 
cated boards and skids placed under the sledges. Writers such as ARISTOTLE, Piiny the elder, 
and VITRUVIUS, have left records showing that a knowledge of friction, lubricants of differing vis- 
cosities, and bearings with hard-wearing sheet-metal surfaces, existed in early times. 


ZUSAMMENFASSUNG 


In diesem Beitrage wird gezeigt wie die altesten Kunstgriffe zum Verschleiss-schutz an palaeoli- 
thischen Bohrwerkzeugen gefunden wurden. 

Die schmierenden Eigenschaften von Olen waren bereits im dritten Jahrtausend v. Ch. bekannt. 
Man hat namlich Tonképfe mit Periicken aus Bitumen aus dieser Zeit ausgegraben. 

Der Verfasser erértert dann den Transport von Kollossen zu ihrem Standplatz, der in Agypten 
und Assyrien auf Schlitten erfolgte. Er zeigt wie Verschleiss verhindert und die Reibungskrafte 
verringert wurden durch geschmierte Planken und Gleitflachen unter die Schlitten zu legen. 

Schriftsteller wie ARISTOTELES, der altere PLINIUS und ViTRUVIUS haben Aufzeichnungen hinter- 
lassen, die zeigen, dass man schon im Altertum Wissenschaft hatte von Reibung, Schmiermitteln 
verschiedener Viskositat und von Lagern mit verschleiss-festen, mit Metallblech bedeckten 
Oberflachen. 


The need for bearings arose as far back as the palaeolithic age when man made 
simple devices for lighting fires, and for other primitive purposes. A piece of wood was 
ignited by rotating against it a long stick held between the palms of the hands; the 
frictional heat generated at the tip of the stick sufficed to cause a fire. He gradually 
improved this important invention by pressing down on the top end of the stick and 
rotating it by means of a bow and string; and since the part for supplying the downward 
pressure on the stick was as likely to burn and wear out as the piece of wood, he was 
compelled to fit bearings of bone or of stone in order to prevent this happening. The use 
of this tool spread all over the world and greater efficiency and longer wearing qualities 
were achieved by fitting soapstone as a bearing-material. The Egyptians had a similar 
device with a drill at one end for making holes in furniture. At first the drill was made 
of wood; then it was made of bronze, and finally of iron, the iron gradually replacing 
bronze about 1000-800 B.C. The date given for the Egyptian drill shown in Fig. 1 is 
approximately 1450 B.C. 
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Fig. 1. An early Egyptian drill in use about 1450 B.C. 


Baked-clay images with wigs made of asphaltic bitumen and probably belonging 
to the third millenium B.C. were found during excavations in Babylonia. This is an 
indication that crude mineral oil was well known at that time. 

One of the earliest records of a lubricant actually having been utilized was in Egypt, 
where sledges were employed in transport. A mural painting in a grotto at El] Bersheh 
showed a colossus being pulled on a sledge by 172 men whilst one man stood on the 
front of the sledge pouring a liquid in its path (about r880 B.C.). It can be assumed 
from the drawing that the long board carried by three men was placed under the sledge 
and that the jars carried by three other men contained a lubricant (see Fig. 2). It is 
obvious that a lubricant poured on dry and presumably sandy soil would have little 
effect, whereas if poured on flat boards this would have considerably reduced the 
frictional force, and consequently would have resulted in fewer men being required 
for pulling the sledge. In addition, the sledge would have been protected against rapid 
wear, 

The following calculation will help to bear out the fact that lubricated bearing- 
boards were used in the transport of colossi in Egypt: — 

Assuming that: 

the alabaster colossus and sledge weighed about 60 tons (1 ton = 2240 lb.) ; 

the board measured rg2 in. x 18 in. each; 

(If the boards were placed end-to-end under each side of the sledge there would be 
a bearing pressure of about 20 lb. per sq. in.) 
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the coefficient of sliding-friction (u) for hard wood on hard wood well lubricated 
with oil at 20 lb. per sq. in. bearing pressure, was 0.1631 
the average pull of a man was 120 lb. 
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Fig. 2. Transporting an Egyptian colossus, about 1880 B.C. 
From a drawing in a grotto at E] Bersheh. 


The number of men required to pull the sledge can be arrived at by the following 


equation: 
Frictional force = wR, we get: 
6.10 X 60 X 2240 
Number of men = ——— a9 Le 179 


The number of men arrived at, 7.e. 179, is very close to the number of men pulling 
the sledge as portrayed in the mural drawing. 

If the boards had not been lubricated it would have taken about three times as many 
men to pull the sledge. 

A similar method of transporting colossi was employed in Assyria in the seventh 
century B.C. But the Assyrian ground was rough and uneven and the flat boards had 
to be replaced by tree-branches a little thicker than the arm. The branches were only 
roughly trimmed and according to the bas-relief in the British Museum were not placed 
transversely under the sledge. They were, therefore, not rollers as has been stated in 
all kinds of literature ever since the discovery of the bas-relief in 1845. Moreover, it 
stands to reason that had the branches been rollers they would have been drawn in 
the bas-relief as smooth and cylindrical in shape and placed in the correct position for 
rolling, 7.e. not longitudinally in the direction of motion. 

A chariot of about 1400 B.C. which still had some of the original lubricant on its axle 
was found in the tomb of Yuaa and Thuiu?. It was assumed that this was animal fat 
and less likely to melt away in a hot climate. The chariot shown in Fig. 3 dates from 
about the same time. Evidence exists that the Egyptians protected their bearings from 
sand with pieces of leather. 
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Fig. 3. Nubian princess bringing tribute, about 1360 B.C. Mural drawing made in tomb of Huy. 


The ancients knew the advantages of applying oils and greases of different viscosities. 
HERODOTUS, the historian (about 484-425 B.C.), after his travels in the Middle East in 
search of knowledge, wrote about the ancient method of producing bitumen and a 
lighter oil from petroleum. Frictional resistance was known as a very perceptible force, 
and ARISTOTLE observed (about 400 B.C.)° that it was lowest for round objects. 

Accurate accounts of early machines are practically non-existent, however, because 
of misconceptions and mistranslations by various writers. But it seems to be fairly 
clear that there was a progressive endeavour to produce better machines for water- 
raising and other purposes. ARCHIMEDES, son of PHEIDIAS the astronomer, for instance 
(about 287-212 B.C.) made some interesting machines, one of which was the water- 
screw which bears his name. This was used in the irrigation of fields, and for pumping 
water out of mines and the holds of ships. Some of his war-machines were used with 
great effect against the Romans during the siege of Syracuse, in which he was killed. 
The machines were made almost entirely of wood and since lubricants had been in use 
for many years the working parts were presumably lubricated in some simple fashion. 

Marcus Vitruvius PoLiio, Roman architect, engineer, and superintendent of 
machines of war, wrote a book in which he described various machines (about 25 B.C.)¢. 
He said: “An axis is prepared in the lathe, or at least made circular by hand, hooped 
with iron at the ends; round the middle whereof the tympanum, formed of planks 
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fitted together, is adjusted. The axis rests on posts cased with iron where the axis 
touches them’’. 

Puiny the elder (about A.D. 23-79), who had a knowledge of many arts and sciences, 
prepared a list showing that the ‘‘ancients’” of his time had seed-oils available for 
lubricating various early machines. It is believed that these oils were often mixed with 
mineral and animal oils for special purposes. PLINY travelled in Spain, Germany, Gaul 
and Africa, on military service. 

There was a retrogression in the design of bearings, however, at the time when the 
Romans were overthrown, and there is no further record of metal bearing-surfaces 
until they are found in fourteenth-century clocks. 

It would thus appear that in early times the prevention of wear was a natural course, 
and there was a choice of lubricants for reducing friction: mineral oils, seed-oils, 
tallow, or a mixture of these, to suit special conditions. The use of lubricants on 
sledges, chariots, and carts, must therefore have been fairly common in the Middle 
East about 1000 B.C. The present-day practice of protecting a bearing from wear by 


packing it well with grease to keep out sand and dust existed at the time of the early 
chariot. 
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Book Reviews 


eens 


Friction and Lubrication, by F. P. BowpEen and D. Tasor (Methuen, London, 1956). 17 x 11 cm; 
x-+ 147 pp., 57 fig. and 7,plates; ros. 6d. 


Diese Einfiithrung in die Reibungsforschung fiillt eine Liicke in der technischen Literatur. Im 
einzelnen werden besprochen: Reibungsmessungen Oberflachenstrukturen, Adhasion und ihre 
Bedeutung fiir Reibung und Verschleiss. Es folgt ein fesselndes Kapitel tiber die Reibung von 
, Nichtmetallen’’ wobei Edelgase und Diamant, Kautschuk, Kunststoffe und Faserstoffe unter 
ein und demselben Gesichtspunkt betrachtet werden. Den Einfluss elastischer Hysteresis findet 
man bei der Besprechung der rollenden Reibung unterstrichen. Schliesslich werden hydrody- 
namische Reibung und Grenzschmierung in vier Abschnitte behandelt. 

Der Text ist bequem zu folgen weil er durch zahlreiche, didaktisch gut gewahlte Zeichnungen 
und einige Photographien begleitet wird. Literaturverzeichnisse am Ende jedes der 11 Kapitel 
erleichtern Orientierung in diesem Spezialfach. Fiir Einzelheiten wird nach der ,,grossen’’ Monogra- 
phie der Cambridger Schule, ‘‘Friction and Lubrication of Solids’’ verwiesen; von dieser ist m.W. 
eine deutsche Ubersetzung in Vorbereitung. 

Der kausale Zusammenhang zwischen Struktur der Materie und Reibungserscheinungen wird in 
diesem Biichlein in einer fiir Studenten und Ingenieure begreiflichen Weise beschrieben. Der 
Materialuntersucher kann sich an der Hand dieser Monographie ein besseres Bild von den Unter- 
schieden zwischen Reibungskoeffizienten machen. Beherrschung dieser physikalisch-chemischen 
Grundlagen ist wesentlich fiir optimale Anpassung von Materialien an wechselnde Bedingungen 
der Praxis. 

Natiirlich kann auf sowenig Seiten nicht alles besprochen werden. Reibung als Problem der 
angewandten Mechanik wird nur gestreift, die diesbeziiglichen Literaturhinweise sind dann auch 
etwas sparlich ausgefallen. Jedoch liegt das reizvolle dieser lesenswerten Einfiihrung gerade in 
der Beschrankung. Ein Buch auf das man wiederholt zuriickgreifen will, weil es eine Fiille von 
Anregungen bietet. 

G. Sa. 


Defects and Failures of Metals; theiy origin and elimination, by E. P. PoLUSHKIN (Elsevier Publishing 
Co., Amsterdam, 1956). 23 X 16cm; xvi + 399 pp.; 295 fig.; 72s. 


Dies ist der Niederschlag reicher Lebenserfahrungen eines Praktikers. Der Weg von Professor 
POLUSHKIN fiihrte von Laboratoriumspraxis in dem damaligen St. Petersburg ber zahlreiche, 
wichtige Amter in Russland nach neuen und ebenzahlreichen Tatigkeiten in Amerika. Wahrend 
40 Jahren hat der Verfasser sich fiir Fehlerstellen, Versager und Brucherscheinungen bei Metallen 
interessiert. Daher bilden eine unglaubliche Menge Literaturstellen und eine gute Sammlung 
metallographischer Abbildungen die Basis dieses Buches. Aus der chaotischen Vielheit wuchs 
hier eine dreifache Systematik: 

Uber 12 Kapitel werden typische Bruchursachen verteilt nach Produktionsfehler, Bearbeitungs- 
fehler und Abnutzungserscheinungen. 

Innerhalb jeder Gruppe findet man 6 Abteilungen: Begriffe, Ursachen, Identifizierung, haufige 
Fehler, schadliche Faktoren und Verhiitungsmittel. 

Jedes Kapitel hat sein eigenes Literaturverzeichnis. Durch kurze, aphoristische Bemerkungen 
wird der Weg zur Originalliteratur angedeutet. Als Beispiel das Kapitel ,,Metallverschleiss”’: 
145 Literaturzitate sind durch nur 7 Seiten Text gut untereinander verbunden. 

Es hat wenig Zweck auf schwache Stellen in den kurzen Texten einzugehen. Der Wert des Buches 
liegt ja vorall in der Zusammenfassung zahlreicher, selbsterlebter Erfahrungen, in der grossen 
Literaturkenntnis des Verfassers, der viele Sprachen beherrscht und in den meistens ausgezeich- 
neten Reproduktionen von Strukturbildern, Fehlerstellen und von Bruchbildern. 

Leider sind die Literaturstellen wenig iibersichtlich geordnet, das Sachverzeichnis ist kurz 
und ein Namenverzeichnis fehlt. 

Als Nachschlagewerk gehdrt diese Monographie in die Bibliothek des Metallkundlers. 


G. Sa. 
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Literature and Current Events 


The purpose of the following sections is to build up gradually an information centre on the various 
aspects of wear. Contributions in English are invited. All items of these 6 sections will be finally 
included in a separate ‘‘Volume-Index of Literature and Current Events’’: 

ec Systematic Abstracts on current literature will be prepared by Battelle Memorial Institute and 
will begin to appear in issue no, 3 or 4 of Volume 1. Systematic abstracts covering the years 1952-56 
will also be published in Volume 1. 

2. A selected number of Authors’ Abstracts (in English), giving more detailed information than 
the “Systematic Abstracts’’, will be accepted for publication. 

3. Bibliographies on work in specialized fields or on work in languages other than those of this 
Journal, will also be published. 

4. Recent Events should assist readers in following progress reported in lectures and in finding 
the names and addresses of specialists and technical groups or societies interested in the various 
aspects of friction, lubrication and wear. 

5. Forthcoming Events will give notice of conferences, meetings, or discussion panels of interest 
to readers of WEAR. 

“te otes on Contributors should facilitate personal contacts between workers interested in wear 
problems. 


Authors’ Abstracts 


FRICTION 


Adhesion and Friction 


F. P. BowpEen (Cambridge) — Endeavour, 16 (1957) 5-18; (16 fig., 13 ref.). 

Although the fundamental laws of friction are simple and have long been known, it is only 
comparatively recently that is has been possible to gain some understanding of the local changes 
that occur when one solid slides on another under various conditions. Knowledge so gained is not 
only important for an understanding of the physics of solids, but of great practical significance 
in such diverse fields as the construction and lubrication of bearings, the polishing of diamonds, 
the de-icing of aircraft, and the formulation of adhesives. 


Wettability and Friction of Polytetrafluoroethylene Film: Effect of Prebonding 
Treatments 


A. J. G. AtLan (Polychemicals Department, E.I. du Pont de Nemours & Company, Inc., Wil- 
mington, Delaware) — J. Polymer Sci., 24 (1957) (May) 461, (3 fig., 12 ref.). 

The wettability of polytetrafluoroethylene film surfaces has been studied by observing the equilib- 
rium advancing contact angle formed by a drop of liquid on the surface. The surface treatment 
required to give good adhesion to various substrates produces a marked increase in the polarity 
of the surface as measured by the contact angles with a series of solutions of ethyl alcohol in water. 
Measurement of the coefficient of kinetic friction shows that the untreated side of treated material 
has the same coefficient as completely untreated film, but the treated side has a considerably 
higher friction. This higher friction of the treated surfaces is ascribed to the shearing of junctions 
in the bulk rather than shearing at the interface. 
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FRACTURE 


Note: The following group of papers from the Akers Research Laboratories of I.C.I1. should 
be read in conjunction with the monograph: Stress Waves in Solids by H. Korsky; Oxford Univ. 
Press, London, 1953. (Ed.) 


Brittle Fractures near Equilibrium 


F. C. RoEsLeR (Imperial Chemical Industries Limited, Akers Research Laboratories, Welwyn, 
Herts.) — Proc. Phys. Soc., B 69 (1956) 981-992; (5 fig., 4 ref.). 

Conical indentation fractures in silicate glass are stable, so that the speed at which they spread 
can be controlled. The validity of the Griffith fracture condition (energy balance) has been tested 
for such fractures and confirmed, with qualifications. Measurements on cone fractures are a method 
for determining accurately the specific fracture energy of brittle materials under physical and 
chemical conditions that can be chosen at will. 


Indentation Hardness of Glass as an Energy Scaling Law 


F, C. RoEsLER (Imperial Chemical Industries Limited, Akers Research Laboratories, Welwyn, 
Herts.) — Proc. Phys. Soc., B 59 (1956) 55-60; (16 ref.). 

A number of independently found empirical laws for the occurrence of Hertzian ring cracks are 
all equivalent and can be put in the form of an energy scaling law. It is suggested that this is 
the true explanation of the observed size effects, which would then lie in the dynamical simi- 
larity relations of geometrically similar stress fields and fracture surfaces. 


Fracture of Glass by Spherical Indenters 


J. P. A. TiLLett (Imperial Chemical Industries Limited, Akers Research Laboratories, Welwyn, 
Herts.) — Proc. Phys. Soc., B 69 (1956) 47-53; (5 fig.). 

The production of ring cracks in silicate glass, by the impact of steel balls and by the application 
of a static load to spherical indenters, has been studied for a large range of indenter curvature. It 
has been found that in impact tests a greater height of fall is required to produce ring cracks than 
predicted by a critical stress criterion of fracture. In static experiments, two different relations 
between the force required to produce fracture and indenter size have been found. Below a radius 
of curvature of approximately 3.5 cm the force is proportional to the radius and above this value 
to the square of the radius. Impact tests have also been carried out on a specimen of an organic 
glass-like material, with results similar to those of the impact experiments on silicate glass. 


The Tensile Strengths of Viscous Liquids under Dynamic Loading 


T. H. But (Imperial Chemical Industries Ltd., Akers Research Laboratories, Welwyn, Herts.) 
— Brit. J. Appl. Phys., 7 (1956) 416-18; (4 fig., 3 ref.). See also Phil. Mag., Ser. 8, r (1956) 153-165. 
Under similar conditions of transient loading the cavitation thresholds of syrup and olive oil are 
130 X 108 dyne/cm? and 29 x 10% dyne/cm?, respectively. For fluids with a viscosity (y) in the 
range 0.01 to 400 P the cavitation threshold pressure Pe is given by the empirical relation P,; = 


ky??. This result can be interpreted on the basis of the growth of cavitation nuclei in viscous liquids 
subjected to transient stresses. 


MECHANISM OF WEAR PROCESSES 


The Wear of Metals under Unlubricated Conditions 


J. F. ARcHARD AND W. Hirst (Research Laboratory, Associated Electrical Industries Limited, 
Aldermaston, Berks.) — Proc. Roy. Soc., A 236 (1956) 387-410; (11 fig., 21 ref.). 

The wear of a wide range of material combinations has been studiedin unlubricated conditions. 
Loads of 50 g to 10 kg and speeds of 2 to 660 cm/sec have been used. A representative selection of the 
results is given. As a broad classification two contrasting mechanisms of wear have been observed. 
In nearly all experiments, and for all types of wear mechanism, once equilibrium surface conditions 
are established the wear rate is independent of the apparent area of contact. The wear rate is 
accurately proportional to the load for only a limited number of combinations but there are many 
other examples for which the relation between wear rate and load shows only a small deviation 
from direct proportionality. It is suggested that with the same surface conditions the wear rate is 
proportional to the load; in practice this simple relation is modified because the surface conditions 


depend on the load. These rules of wear may be derived, on a priori grounds, from the experimental 
results, or from more detailed theoretical calculations. 
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The Stages in a Process of Severe Metallic Wear 


M. KERRIDGE AND J. K. LancastTER (Research Laboratory, Associated Electrical Industries 
Ltd., Aldermaston, Berks.) — Proc. Roy. Soc., A 236 (1956) 250-264; (11 fig., 12 ref.). 

In order to provide information about the basic processes involved in the wear of metals, a de- 
tailed study has been made of a severe type of wear. The particular system chosen was the wear 
of brass against a harder material under conditions in which the debris produced is metallic. Using 
radioactivity methods, transfer of metal between the rubbing surfaces was determined concur- 
rently with measurements of the total wear. In experiments at various loads, the relationship 
between the rates of transfer and wear was studied. Particle-size distributions of the wear debris 
were obtained and compared with size distributions of the transferred fragments. It is concluded 
that wear occurs via a layer of transferred metal and that there is no direct production of loose 
wear particles. The wear process has at least two distinct stages; namely, the removal of metal 
from the wearing surface by transfer, and the formation of wear debris from the transferred layer 
on the opposing member. The magnitude of the applied load determines primarily the scale of the 
phenomena rather than the rate at which they occur. 


Surface Film Formation and Metallic Wear 


W. Hirst anp J. K. LaANcaASTER (Research Laboratory, Associated Electrical Industries Ltd., 
Aldermaston, Berks.) — J. Appl. Phys., 27 (1956) (9) 1057-1065; (12 fig., 10 ref.). 

The interactions between surface asperities which occur during sliding are of primary importance 
in both friction and wear. In consequence, many of the phenomena observed during investigations 
into the nature of friction should have their counterpart in wear. An experimental study is des- 
cribed of the way in which wear is affected by factors already known to influence friction. It is 
shown that when a relatively soft metal slides on a harder one, the relationship between the wear 
and the sliding distance may be one of three general types. Each type is associated with the for- 
mation of a surface film during sliding. The extent to which these films (oxide, adsorbed boundary 
lubricant, etc.) prevent intermetallic contact influences the relationship between the wear rate and 
the applied load. With several metals there is a discontinuity in the wear rate—load relationship, 
and two distinct regimes of wear are obtained. The transition between these two regimes is asso- 
ciated with the breakdown of a protecting surface film. Finally, it is suggested that the generation 
of protective surface films during sliding comprises an essential part of the ‘‘running-in’’ process 
of machinery. 


The Fretting Corrosion of Mild Steel 


J. S. Hatitipay anp W. Hirst (Research Laboratory, Associated Electrical Industries, Ltd., 
Aldermaston Court, Aldermaston, Berks.) — Proc. Roy. Soc., A 236 (1956) 411-425; (17 fig., 
@ Kety)), 

A quantitative investigation of the fretting corrosion of mild-steel specimens is described. Mea- 
surements have been made of the frictional forces, the degree of damage, and the variations in the 
electrical contact resistance for a wide range of applied loads, vibration amplitudes, and number 
of cycles of motion. In addition, the nature of the fretting corrosion scars and debris has been 
examined using optical and electron microscopy and electron diffraction. 

The same sequence of phenomena is observed under all conditions, namely, (i) the formation of 
intermetallic welds, (ii) the production of black a-Fe,O, particles, and ultimately (ii) the pro- 
duction of fine red-brown a-Fe,O, particles. However, the magnitude of the frictional forces, the 
wear rates and the contact resistances are greatly dependent upon the amplitude of vibration. At 
large amplitudes large intermetallic junctions form soon after the onset of motion and the friction 
rapidly rises above its initial value. Subsequently, the friction drops to a very low value, 0.05; 
this is due to the presence of loose oxidized debris which accumulates and tends to roll between 
the rubbing contacts. At small amplitudes the scale of the welding is so reduced that no perceptible 
rise in friction occurs before the friction falls to its final low value. Measurements of the depths 
of damage in the scars show that the holes which form arise from the original welding mechanism 
and that they subsequently disappear. At large amplitudes the wear rates obey the same simple 
rules of wear as are obeyed in unidirectional motion, namely, the wear is proportional to the dis- 
tance of sliding; the wear rate is proportional to the load and independent of the apparent area 
of contact. Furthermore, there is close agreement in the magnitude of the wear rates in unidirec- 
tional motion and during fretting at large amplitudes. At small amplitudes, however, much smaller 
rates of damage are obtained. 
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Notes on Contributors 


LT ———————— 


J.T. BurweE t, Jr., Ph.D.: received his B.S. degree from Massachusetts Institute of Technology 
in 1934 and in 1938 his Ph.D. in physics with minors in physical chemistry and metallurgy. Research 
physicist with United States Steel from 1937 to 1939; and from 1939 to 1951 associate professor in 
the Mechanical Engineering Department of Massachusetts Institute of Technology, where, in 
addition to being in charge of the Lubrication Laboratory, he conducted research and taught sub- 
jects in the fields of lubrication, friction and wear, and bearing design, as well as surface physics 
and chemistry. Joined Horizons Incorporated in 1951 as associate director of research. In 1956 
joined American-Standard Corporation, New York, as director of their Research Division in 
charge of long range research. Member of N.A.C.A. Subcommittee on Lubrication of Wear (1942-51) ; 
anda member of A.S.M.E. Special Research Committee on Lubrication. Published numerous papers 
in the various fields of his specialities, and has edited the book, Mechanical Wear (American Society 
for Metals, 1950). [See p. 119] 


C.Sr.C. Davison, Ph.D., M. Sc.: studied at Queen’s University, Belfast, where he obtained B. Sc. 
1st Hons. in Applied Science; received his M.Sc. for a thesis on fatigue of metals, and his Ph. D. 
for a thesis on airflow through propeller fans. 

Joined Science Museum, London, as an assistant keeper in charge of the Road Transport Section 
in 1937 and is now in charge of the sections: weighing and measuring, internal-combustion engines, 
mechanical power transmission, and roads and bridges. 

Was seconded for design, production and development work in the Admiralty during the War. 
Author of a book, History of Steam Road Vehicles (publ. by Her Majesty’s Stationery Office), and 
has to his credit various articles on the history of motor-cars, internal-combustion engines, gears, 
bearings, and measuring. [See p. 155] 


K. Fursunp, M.Sc.: graduated from The Technical University of Copenhagen in 1947 witha 
degree in chemical engineering. Joined A/S Burmeister & Wain, Copenhagen, as assistant superin- 
tendent engineer in the iron, steel and non-ferrous foundries. 1950-51 Auditeur libre at ‘‘Ecole 
supérieure de Fonderie’’ and student at ‘Laboratoire de Physic des Métaux”’ of the ‘Ecole Centrale 
des Arts et Manufactures” in Paris. Since 1952 engaged in development and research work on 
metallurgy and metallography. [See p. 104] 


LEANDER GRUNBERG, D.Sc., M.Sc., B.Sc., was born in Prisaca (Rumania); studied pharmacy 
at the German University of Prague, graduating with distinction in 1933. In 1938 joined 
the Department of Oil Engineering of the University of Birmingham, leaving in 1942 with a 
B.Sc. (1st class Hons.) and having been awarded the Sir John Cadman Medal; became 
chief research chemist of Dr. Rosin Industrial Research Company, Wembley, and apart from 
industrial research interested himself in viscosity and molecular structure, for which work he 
received the degree of M.Sc. from Birmingham in 1945. In 1951 he became a principal scientific 
officer in the Lubrication and Wear Division of the Mechanical Engineering Research Laboratory 
at Thorntonhall and concerns himself with the physical and chemical aspects of lubrication and 
wear; in 1956 awarded the degree of D.Sc. by the University of Birmingham. One of the studies 
with which he is associated, namely the structure of freshly deformed metal surfaces, is the 
subject of the present article. [Seexpyqiazy 


I. F. Lrna: born in Tsingtao, China. Received B.S. in civil engineering from St. Johns University 
China; B.S.in mechanical engineering from Bucknell University, U.S.A.;M.S.and D.Sc. in mechan- 
ical engineering from Carnegie Institute of Technology. Currently, assistant professor of mechan- 
ics at the Rensselaer Polytechnic Institute, Troy, N.Y. Interested in mechanics; particularly in 
the mechanics of friction and wear. [See p. 80] 


A. A. MILNE, B.A. (Cantab.): see Wear, r (1957) 75. [See p. 92] 

EDWARD SAIBEL: born in Boston, Mass. Received degree S.B. from Massachusetts Institute of 
Technology 1924; studied at Cornell University 1924-1926; received degree Ph.D. from Massachu- 
setts Institute of Technology 1927. Taught at University of Minnesota 1927-1930. Since 1930 at 
Carnegie Institute of Technology; subsequently professor of mechanics in the Department of 


Mathematics. From September 1, 1957, professor of mechanics at Rensselaer Pol i 
Institute, Troy, New York. ne (Sen ate 
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